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Abstract

The description of critical lattice models by Conformal Field Theories (CFTs) has been
studied in detail for several decades. Recent years have seen a growing interest in the
study of a particular class of critical models with continuum limits that are described
by so-called non-compact CFTs, identified by the appearance of a continuum of critical
exponents. A striking feature of a number of such models is that this “non-compactness”
appears despite their lattice descriptions admitting only a finite number of degrees of
freedom - hence classified as so-called “compact” lattice models. The connection be-
tween critical, compact lattice models and non-compact CF'T has not yet been brought
under sufficient control and leaves open a number of questions. This thesis addresses
these and related questions by turning to the corresponding open critical lattice models
and uses tools from integrability, boundary conformal field theory and lattice algebra
representation theory.

The early parts of this thesis deal with the antiferromagnetic Potts model, known
to be closely related to the non-compact CF'T referred to as the Euclidean Black Hole
theory. The representation theory of the underlying lattice algebra of the Potts model
is related to the representation theory of the Virasoro algebra, resulting in a set of new
identities relating the Black Hole Theory to the Parafermion CF'T - a compact theory.
Other aspects of these CFTs - such as fusion, normalisability and disorder operators -
are understood from a lattice point of view.

The middle part of this thesis turns to boundary integrability and in particular the
Bethe Ansatz technique. An exact mapping is presented between the antiferromagnetic
Potts model and an integrable model constructed from the twisted affine D3 Lie alge-
bra. The known integrable boundary conditions of this D3 model are then interpreted
in the context of the antiferromagnetic Potts model and the Black Hole theory.

The final part looks at a different boundary condition in the D3 model and finds
that it admits a simple geometrical interpretation in the Potts model, resulting in an
exact solution which had, until now, been lacking. This exact solution is used to study
the continuum limit of the model and is found to result in a non-compact boundary
CFT. This lattice boundary condition is observed to correspond to a repulsive fixed
point under RG, and flows towards free boundary conditions in the antiferromagnetic
Potts model.
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Chapter 1

Introduction

Since its birth in the first half of the 20" century, its later evolution and final accep-
tance as a viable descriptor of nature in the second half of the century, Quantum Field
Theory (QFT) has become an immensely powerful tool in a variety of contexts ranging
from the study of fundamental particles to quantum many-body physics and condensed
matter theory. Any situation that calls on QFT to tackle it is invariably reduced to
the problem of calculating its correlation functions - a concept that is most intuitively
understood in the path integral approach, most easily compared with ordinary quan-
tum mechanics in the operator formalism and has what could be described as the most
mathematically rigorous definition in the bootstrap approach to QFT [I].

A significant part of late 20t" and early 215 century research in theoretical physics
has been and continues to be dedicated to calculating the contributions to QFT correla-
tion functions from Feynman diagrams at higher and higher orders. Such an approach
necessarily involves perturbation theory - and hence approximations - thus putting aside
any attempt at an exact solution. For any given QFT, one could hope to enhance this
approach by appealing to the symmetries of the field theory under study. Indeed, it has
been known for several decades that, while the correlation functions of most physical
QFTs depend strongly on some length scale - the so-called correlation length - there
also exist “scale-invariant” theories where this length scale diverges. Furthermore, it is
known that under certain constraints, this scale invariance is in fact enhanced to confor-
mal invariance 2] - leading us to label such theories as Conformal Field Theories (CFTs).

Conformal Field Theories in fact occupy particularly special points in the space
of all possible QFTs. A generic QFT comes equipped with a characteristic length or
energy scale below which - or above respectively - the theory is no longer valid in the
sense that the resulting calculations should no longer be expected to correspond to the
physical phenomenon under study - the famous “cut-off” of the energy scale in the path
integral. One can reduce this energy cut-off and at the same time change the coupling
constants of the theory in such a way as to compensate for the change in the cut-off and
hence end up with the same result for the correlation function with either energy scale.
Doing so continuously leads to a flow in the space of coupling constants - the so-called
“Renormalisation Group” (RG) flow [3]. This leads to the concept of “universality” -
whereby two quantum field theories with different coupling constants can be described
by the same theory in the long distance/low energy limit - and are hence referred to as
being in the same “universality class”. Conformal Field Theories are the theories at the
fixed points of these RG flows.
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Conformal invariance however is not generally enough to calculate exactly the cor-
relation functions of a QFT. Indeed, it is remarked in [4] that in D spatial dimensions,
conformal invariance amounts to just “slightly more than rotation or scale invariance”
and hence one should not necessarily expect all conformally invariant field theories to
admit an exact solution just by the observation of this symmetry alone. The power
of CFT becomes apparent however when we consider D = 2 spatial dimensions, where
after allowing for local conformal transformations (discussed in more detail in chapter
2) one observes that there are an infinite number of independent such transformations
under which the theory is invariant. This observation allowed the authors of [5] to find
an exact solution of an infinite family of CF'Ts - now referred to as the minimal models
- thus giving rise to the modern study of two dimensional CFT. These minimal models
were found by studying irreducible representations of the celebrated Virasoro algebra:

C
[Ly, L) = (n — m) Ly + —n(n?

12n(n

— 1)0n4m,0 (1.1)
which will be discussed in more detail in chapter . More exotic CFTs (such as those
that are logarithmic - see e.g. [0} [7, 8, 9]) can be found by allowing for indecomposable,
reducible representations of the Virasoro algebra. In any case, the problem of classifying
two dimensional CFTs is equivalent to classifying the representations of the Virasoro
algebra.

While providing a set of non-perturbative tools to solve certain strongly interacting
QFTs is a valuable achievement, two dimensional CFT becomes even more exciting
when applied to statistical mechanics and critical phenomena. It has long been known
that lattice models undergoing a second-order phase transition have no characteristic
length scale - (see for example the discussion in [I0]) - and as discussed above, scale
invariance typically leads to conformal invariance. One would therefore expect the long
distance limit of critical lattice models to be described by CFTs, and indeed this is
invariably observed to be the case. Furthermore, critical lattice models can also be
categorised into universality classes in the sense that very often, two models that are
described by different classical Hamiltonians (and hence different Boltzmann weights)
can belong to the same universality class and hence be described by the same CFT in
the long distance limit.

Modern research in CFT can be broadly classed into two main categories. The first
category involves trying to gain a better understanding of CFT in dimensions higher
than D = 2, and therefore map out new RG fixed points in the space of all QFTs. An
important aspect of this is the conformal bootstrap [11), 12} 13| 14} [15] - a technique that
aims to build and map out the space of conformal field theories just by using conformal
symmetry and constraints that arise from consistency conditions. The second category
involves taking advantage of the spectacular success of CFT in two dimensions in order
to understand more complicated and physically relevant CFTs (such as those that are
non-compact, logarithmic or non-unitary) that describe systems in quantum many body
physics and statistical mechanics [16], 17].

This thesis will focus on the second category and will revolve around the CFT de-
scription of various critical systems defined on the lattice to find out a) what this can
tell us about the thermodynamic properties of these lattice systems and b) what these
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lattice systems can tell us about certain interesting CF'Ts.

However, phase transitions only exist in the thermodynamic limit - one should not
therefore necessarily expect to be able to observe properties of a CF'T directly on the
finite lattice, even when the coupling constants are tuned to their critical values. Thank-
fully however, the CFT does leave a trace of its existence even in finite size and we can
observe it by studying the finite size scaling behaviour of the eigenvalues of either the
transfer matrix or Hamiltonian describing the lattice system [I8, [19, 20] - this is dis-
cussed in detail in chapter [2]

Interestingly, there are situations where certain properties of the CFT can in fact
be observed directly on the finite lattice. In particular, the structure of certain rep-
resentations of the Virasoro algebra is precisely the same as the structure of certain
representations of a lattice algebra known as the Temperley-Lieb algebra [211, 22 23]
and its extension - the so-called blob algebra [24] [25] - a result that is taken advantage of
in chapter [3 to understand the connection between two different CFTs - the “Euclidean
Black Hole CFT” and the “Parafermion CFT".

While finding the CFT that describes the thermodynamic behaviour of a given crit-
ical lattice model is often referred to as having “solved” the model, this “solution” is
only exact when the lattice size is infinite. In this thesis the word “solved” will be used
in this sense, and the expression “exactly solved” will be used to refer to a model that
is solved in finite size - i.e. having found the eigenvalues and eigenvectors of the corre-
sponding Hamiltonian/Transfer Matrix for all finite sizes or, as is more commonly the
case, having found a method to obtain the eigenvalues and eigenvectors that is more
numerically efficient than directly diagonalising the Hamiltonian/Transfer Matrix.

An exact solution in finite size is in fact very often used to find the CF'T solution in
the thermodynamic limit. Precisely this procedure is carried out in chapters [f| and [6] by
using the Bethe Ansatz - a tool that can be applied to integrable models (see chapter
. Integrability, and in particular the Bethe Ansatz technique, typically allows us to
reduce the problem of diagonalising a transfer matrix or Hamiltonian to solving a set
of coupled non-linear equations - a problem which is vastly easier to tackle numerically
for Hamiltonians acting on large Hilbert spaces.

This thesis “solves” and “exactly solves” - in the sense defined above - a number of
models that are listed here and explained in more detail in the main text. A central
result of chapter [3| is the solution to an open boundary loop model described by a
transfer matrix written entirely in terms of Temperley Lieb algebra generators e; and
blob algebra generators b:

T =tity, (1.2)

where
ti=0ble1)(z+es3)(z+es) - (x+ear—1)(1+zea)(l+zweq) - (1+xear—2) (1.3)

to = (1 — b)(el)(x + 63)($ + 65) cee (x + €2L71)(1 + xeg)(l +$€4) R (1 +$62L,2) (1.4)

where z is related to the Potts model coupling constant, defined in chapter |3 Chapter
] both solves and exactly solves a Hamiltonian written entirely in terms of Temperley
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Lieb generators e;:

2L—1 2L—2
1
"= _0037(61 +e2r-1) +2cosy Z €m — Z (emem+1 + emt16m) - (1.5)
m=1 m=1

Chapter [6] both solves and exactly solves another Hamiltonian written in terms of e;:

2L—1 202
H =2cosy Z ej — Z (ejejr1 +ejri1ey) (1.6)
j=1 j=1

Chapter [6] also finds that the Hamiltonian in (L.6) flows under RG to the Hamiltonian

in (L3).

This thesis is structured as follows: chapter [2| provides a brief review of confor-
mal field theory, boundary conformal field theory and its connection to critical models
in statistical mechanics. Chapter [3] considers the antiferromagnetic Potts model - the
starting point of the analysis is the solution to the transfer matrix written in .
This paves the way to interpreting various aspects of the CFT on the lattice such as
non-normalisable states, fusion and the appearance of disorder operators. Chapter [4]
provides a brief review of integrability and the Bethe Ansatz, with a particular focus on
open integrable models. Chapter [5| presents an exact mapping between the vertex rep-
resentation of the antiferromagnetic Potts model and an integrable model constructed
from the twisted affine D2 Lie algebra. This leads to the interpretation of a particu-
lar set of integrable boundary conditions (i.e. K-matrices) in terms of Temperley-Lieb
generators so that the full Hamiltonian of the model with these boundary conditions
becomes that written in . The exact solution of the model then leads to the solu-
tion of the corresponding CFT. A similar procedure is carried out in chapter [6] where a
different D3 boundary condition is considered and this time it is shown to correspond
to the Hamiltonian in equation — in this case the transfer matrix also permits an
interpretation in terms of Temperley Lieb generators (see equation (6.22))). A com-
plete Bethe Ansatz solution to the Hamiltonian in is found and used to show
that the corresponding boundary CFT is non-compact and is interpreted in terms of
the Euclidean Black Hole CFT with w = 1. Finally, an RG flow is observed from the
Hamiltonian in to the Hamiltonian in , corresponding to an RG flow from a
non-compact boundary CFT to a compact one.



Chapter 2

Bulk and Boundary CFT

The following chapter will provide a brief overview of conformal field theory (CFT) and
will introduce the main objects of interest. Its main purpose is to define the notation
and to introduce the tools that will be used extensively throughout this thesis. We will
briefly discuss how we can use CFT to describe critical lattice models, and in particular,
how we can use boundary CFT to describe open critical lattice models. We will start
with a brief review of conformal transformations, followed by a concise discussion of the
consequences of conformal symmetry in two-dimensional quantum field theories. We
will introduce boundary conformal field theory before discussing the tools that will be
used to relate statistical mechanics and CFT.

2.1 Conformal Transformations

A conformal transformation of spacetime coordinates x is an invertible mapping x — x’
such that the induced change in the metric:

0x® 0z
9w (X)) = M@Qaﬁ(x) (2.1)
is reduced to a rescaling;:
I (X') = A(x) gy (%) (2.2)

That the transformation is invertible and defined everywhere will turn out to be a strong
constraint, allowing only for so-called global conformal transformations. Local confor-
mal transformations obey but are not necessarily invertible or defined everywhere.
Global conformal transformations are of four possible types: translations, rotations,
dilations and so-called special conformal transformations (this result is derived in many
places, see e.g. |20, [4]). An infinitesial translation is of the form:

't =gt 4 (2.3)

with e an infinitesimal vector. An infinitesimal rotation is of the form:

ot =t + e, (2.4)

with e an infinitesimal antisymmetric tensor. Infinitesimal dilations (i.e. scalings) are
of the form:

x =x+ex (2.5)

13
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with € an infinitesimal scalar. Finally, infinitesimal special conformal transformations
are given by:

o =2t + 2(ex)at — e'x.x (2.6)

with €* an infinitesimal vector. In two dimensions we observe that the conformal group
is six dimensional: two from translational symmetry, one from rotational symmetry, one
from scaling and two from special conformal transformations. In what follows, we will
exclusively consider two dimensions.

When we relax the constraint that the transformation x — x’ is invertible and defined
everywhere, we are left only with the constraint in equation and it can be shown [4]
that, in two dimensions, this constraint becomes just the Cauchy-Riemann equations,
implying that the function x’(x) can be reformulated in terms of complex variables and
is holomorphic. To do this, we introduce the complex variables:

O
0 1

‘ (2.7)

T
xr —ix

N
Il

The transformation x — x’ can then be reformulated as a function 2 — f(z) and
the constraint requires that the function f(z) be holomorphic. Since the set
of holomorphic functions is infinite dimensional, so too is the set of local conformal
transformations in two dimensions. This result has profound consequences in the context
of field theories, both classical and quantum.

2.2 Conformal Invariance in Field Theories

2.2.1 The classical case

Conformal invariance of a classical field theory amounts to invariance of the action
under conformal transformations; the constraint that the action be invariant under
local conformal transformations therefore results in an infinite number of conserved
currents/charges via Noéther’s theorem, rendering the theory exactly solvable.

One of these conserved currents is the stress-energy tensor, corresponding to trans-
lational symmetry. We can simplify the relevant notation greatly by sticking with
complex coordinates z and z and then making use of the notions of holomorphic and
anti-holomorphic functions. The components of the stress energy tensor in this coordi-
nate system become:

1 .
T,, = Z(Tll — Toy + 2iT12)
1 )
T5 = Z(TH — Thy — 2iT12) (2.8)
1
T.: =T = — (T + Th2)

4

Scale invariance causes the trace of the stress energy tensor 171 4+ T2 to vanish so we
are only left with the terms 7T,, and T3;. (Note that the vanishing trace holds also at
the level of operators in the quantum theory.) The conservation law from Noéther’s
theorem:
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9, T" =0 (2.9)

becomes in complex coordinates:

0:T.. + 0. T, =0

(2.10)
0:T5: + 0:T5. =0
But since T, and T3, vanish due to the disappearing trace, we have just:
0:T,, =0
o (2.11)
azTZZ =0

If we define T'(z,%) = T, and T(z, 2) = Tsz then tells us that 7" is functionally
independent from Zz and that T is functionally independent from z and we can write
T(z,2) = T(z) and T(z,2z) = T(z). In other words, T(z) is holomorphic and T'(%) is
anti-holomorphic. We can therefore expand T'(z) as:

T(z) =Y 2" Ly (2.12)

ne”L

with the L,, given by:

1
Ly, =— ¢ dzT(2)z"" (2.13)
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This definition of L, actually coincides with the conserved Noéther charge resulting
from a holomorphic (i.e. locally conformal) transformation given by z — z + ez"+1.
Similarly we can write:

T(z) =Y z "Ly (2.14)

ne”

with the L,, given by:

;o1 50y =ntl
L, = 5 dzT(Z)z (2.15)

2.2.2 Quantum Conformal Field Theories

We will now consider the consequences of conformal invariance in quantum field theories.
In the context of the discussion of the stress energy tensor in section 2.2.1] promoting a
classical theory to a quantum theory makes the operators T'(z) and T'(z) independent
operators and hence the L, and L,, are independent also. One can show (see e.g. [4])
that in the quantum theory, the L,, operators satisfy:

(L, L] = (0 — m) Lngm + 1—6271(112 — 1)dnsm0 (2.16)

where c is the so-called central charge, one of the defining parameters of any particular
conformal field theory. Equation is the defining relation of the celebrated Vira-
soro algebra. The L, satisfy the same commutation relation as and commute
with L,. We have arrived at one of the central results of two dimensional bulk quantum
conformal field theory: the full symmetry algebra is given by two copies of the Virasoro

algebra defined in (2.16)).
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More generally, conformal invariance in a quantum theory amounts to invariance of the
correlation functions under conformal transformations, leading to certain constraints
that these correlation functions must satisfy. There is a certain class of fields in the
quantum theory known as quasi-primary fields, an important subset of which are the
primary fields. A spinless quasi-primary field ¢(z) transforms under a scaling transfor-
mation as:

d(z) = ¢'(2') = A2 ¢(x) (2.17)

where we have introduced Ag, known as the scaling dimension of the field ¢(z). More
generally, under any global conformal transformation a quasi-primary field transforms

as:
A

2

B ol (2.18)

o) > &) = | 5

It can then be shown [4] that the two point correlation function of quasi-primary fields
has the following form:

(Do) = — (2.19)

oy
for some constant A. A spinless primary field, as distinct from a quasi-primary field,
transforms as (2.18]) for all local conformal transformations, not just the global subset.
The scale invariance of the quantum field theory imposes the following constraint on
the n point function of a spinless quasi-primary field:

(@(Az1)...0(Azn)) = X722 (d(a1)...0(2n)) (2.20)

It is clear that the two point correlation function in satisfies . An example
of a field that is quasi-primary but not primary is provided by the stress energy tensor.
We can see this more clearly by returning to complex coordinates z. One can define a
map from the plane to the cylinder by:

L
w=—logz (2.21)
27
so that the “space" direction becomes the periodic axis of the cylinder and time flows
along the other axis. Under such a local conformal transformation, the stress energy
tensor transforms in the following way:

Toyi(w) = (2;)2 [Tpl(z)22 - i (2.22)

One observes the appearance of the central charge ¢ which ensures that the stress
energy tensor does not obey under this transformation, and hence is not primary.
Interestingly, we can see that even when we impose that the vacuum expectation value
of the stress energy tensor on the plane vanishes, it does not vanish on the cylinder and
is instead given by:

7TQC

(Top(w)) = 275

This will prove to be an important result when we formulate the CFT as a Hamiltonian
acting on some Hilbert space in the next section.

(2.23)
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2.3 The Hilbert Space

The Hilbert space of a CFT must form a representation space of a direct sum of two
copies of the Virasoro algebra. We can take advantage of this setup by defining concen-
tric circles around the origin as the surfaces of equal time, then the dilation operator:

D = Lo+ Ly (2.24)

generates “time” translations and can be used to define the Hamiltonian of the theory.
It is natural in this set up to consider the mapping from the plane to the infinite
cylinder of length L, using the transformation in (2.21]). The dilation operator in (2.24))
now generates translations along the “time” axis of the cylinder and we define the
Hamiltonian with the following normalisations:

27 - c
H=—(Lo+ Ly— — 2.25
Lo+ Lo~ ) (225)
The constant term can be seen to arise from ([2.23)), where the extra factor of L in (2.23)
comes from the fact that T'(w) is an energy density. A central result of CFT is that
there is a one to one mapping between the primary fields introduced in section [2.2.2

and between so-called “primary states” in the Hilbert space which obey:

Lok, R) =0, n>0
Ly|h,h) =0, n>0
. . (2.26)
LO’hu h> - h‘h7h>
EO’ha B> = E“haﬁ>

The whole Hilbert space is spanned by these primary states and by the “descendant
states” which are obtained by acting on the primaries |k, h) with L,, and L,. We have
introduced the quantities h and h as eigenvalues of the operators Lo and Ly and they
are connected with the scaling dimension A of a primary field and with the spin s in
the following way:

(2.27)

The full Hilbert space can be divided into a series of conformal “families”; each family
is constructed by starting with a primary state |h, ) and acting with L,, and L,. Note
that one cannot move from one conformal family to another just by acting with L, or
L,. Since L, and L,, commute, we can consider separately the states that they generate,
referred to as the “holomorphic” sector and the “anti-holomorphic” sector respectively.
An important object defined for each of these sectors in any given conformal family is
the “generating function” or “character” of the representation, given by:

£

Xen(g) = Trgho (2.28)

where ¢ is referred to as the “modular parameter”. This thesis will make regular use of
the generating function and very often the aim will be to observe it on the lattice. Note
that only in some special cases will a CF'T have a finite number of conformal families.
This thesis will be particular interested in theories with not only an infinite number of
primaries and hence of conformal families, but a continuum of them, a key feature of
so-called “non-compact” conformal field theories.
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Figure 2.1: The contour integral in equation for a boundary CFT. Boundary CFTs
are only defined in the upper half plane but by using the so-called method of images [18]
one can extend it to the whole plane such that the boundary CFT correlation functions
are identified with those of a bulk CFT with twice as many insertions.

2.4 Boundary CFT

We have so far been working in the entire complex plane and therefore considering “bulk”
conformal field theories. The most convenient way to introduce a boundary into the
system is to consider the field theory to exist only in the upper half plane and to impose
that there is no “momentum transfer” across the imposed boundary. This amounts to
the condition: Ti9 = T5; = 0 along the real line which in complex coordinates gives
T,. = Tss along the real line. We can implement this constraint by imposing:

T(z) =T(?) (2.29)

which means that T and T are no longer independent operators. From (2.13) and
(2.15) we see that L, and L, are no longer independent either and hence the symme-
try algebra of a boundary conformal field theory is just one copy of the Virasoro algebra.

The dependence of T on T (and of L, on L,) has far reaching consequences which
will now be briefly outlined. The invariance of a QFT under a continuous symmetry
leads to a set of constraints - the Ward identities - that the correlation functions of
the theory must satisfy and conformal symmetry is no exception. The derivation of the
conformal Ward identity for a bulk CF'T can be found in many places, see for example
[4, 27, 28]. The main result is that for a local conformal transformation parameterised
by €(z), (where we note that it is of crucial importance that € is a function of z), the
variation of the correlation function X = (¢(x1)...¢(zy)) due to the variation of the
fields is given by:

5. (X) = 7{ dze(2)(T(2)X) — —— ]{ d56(2)(T(3)X) (2.30)

27
C C

where the contour C' must surround all of the points x;. In the case of a boundary
CFT however, the contour is constrained to be in the upper half plane and furthermore,
the two terms on the right hand side of are not independent due to equation
(2.29). The sum of the two terms then become the contour integrals in Figure
where the horizontal parts of both contours can be seen to cancel out - leaving us with
a full circular contour that enters the lower half plane, now with twice the number of
insertions as before. This is the “method of images” presented in [29] - the key result
of which is the following: the correlation function (¢(z1,21)...¢(2n, Z,)) in a boundary
CFT, defined in the upper half plane, can be written as the holomorphic correlation
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function (¢(21)...¢(zn)P(27)...¢(2})) of the bulk CFT - which we see has twice as many
operator insertions.

The Hilbert space of a boundary CF'T is spanned by the primary states and the states
created by acting with L,. Acting on the primaries with L,, does not create states that
are independent from those created by L. In the bulk case we mapped the plane to the
infinite cylinder and defined the Hamiltonian as the generator of translations along the
“time” direction of the cylinder. In the boundary case we will map the upper half plane
to the infinite strip of width L, again via the map . The generator of translations
along the infinite time axis is now given by the Hamiltonian:

T c

(Lo~ o) (2.31)
The infinite strip is not however required to have the same boundary condition on both
sides. One could impose a boundary condition labelled by a on the left side of the strip,
and a boundary condition labelled by b on the right side. On the plane, this corresponds
to having a different boundary condition on the negative real axis to the positive real
axis. We can implement this by inserting a “boundary changing operator" ¢, at the
origin. Correlation functions in the theory are then calculated with ¢, inserted at the
origin, or equivalently, the “vacuum” of the boundary conformal field theory is obtained
by acting on the vacuum of the bulk theory by ¢gp.

H=

2.5 Statistical Mechanics

A large part of this thesis will be concerned with calculating CFT quantities from finite
size lattice models. We briefly review here the techniques to do so, and in particular
how we can use tools from statistical mechanics to study CFT. We will be particularly
interested in models that can be described by a transfer matrix. Very generally speaking,
the transfer matrix is an object that encodes the Boltzmann weights of one full row of
the lattice under consideration, including the contribution from the interaction with the
row beneath it. The full partition function of the model (i.e. the sum of the Boltzmann
weights) is then typically given by

Z=TeT™ (2.32)

where m is the number of rows in the lattice and where we must be careful by what we
mean by Tr. For models with Boltzmann weights defined locally, Tr is just the usual
matrix trace. However for models with non-local Boltzmann weights, e.g. loop models,
this trace must be modified to become the “Markov Trace”, a topic which we will not
be too concerned with here. For lattice models with periodic boundary conditions, it is
sometimes useful to decompose the transfer matrix into a product of “R-matrices”™

T = Tro(Ra1...Rar) (2.33)

It will be discussed in chapter ] that when the R-matrix satisfies the Yang-Baxter equa-
tion the transfer matrix in (2.33) is integrable.

To understand how this discussion of statistical mechanics quantities is related to
CF'T consider the example of a lattice model living on the cylinder with local degrees
of freedom oy ; where ¢ and j label the rows and columns of the lattice respectively. We
will consider m rows and n columns and take the periodic direction to be the horizontal
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direction, hence oy ; = 04 j1,. We will for now consider the variables o to be the spins of
the Ising model [30] but the discussion also applies to other models with locally defined
Boltzmann weights. It is a well known and easily proved result [4] that the two point
correlation function is given by:

Tr(Tme&jTrﬁk)
Tr ™

(01,0t 4rk) = (2.34)
We have introduced here the lattice operators ¢; that act on the Hilbert space upon
which the transfer matrix acts and whose eigenvalues are given by ;. Using the result
in ([2.34)), and taking an infinite cylinder, i.e. m — oo, we find:

(TN,
(01,j0t+rk) = (0] (AO) G1|0) (2.35)

where |0) is the eigenstate of the transfer matrix with the largest eigenvalue Ag. Inserting
now a complete set of eigenstates |n)(n| into the expression in (2.35)), and using the fact
that the expectation value of & is vanishing, we find that it reduces to:

Jgp— . r
(0l6,T \A13<1rak10> N (21) (2.36)
0 0

We have shown therefore that the two point correlation function on the infinite cylinder
scales with the ratio of the first two eigenvalues of the transfer matrix, a result which
will prove to be useful when calculating the CFT data. Consider now the CFT two
point correlation function on the plane in , where fields can be normalised such
that the constant A becomes 1. Under the transformation z — w from the plane to the
cylinder in , this correlation function becomes:

(6(r21)6(0, 72)) = <2§>2A¢ [2 cosh (T) 9008 (2”512” s

where we have w = r + iz and:

12 = X1 — I3 (2.38)

Taking the large r limit, we observe that the correlation function decays as:

((r,21)$(0, 22)) o< € % (2.39)
where the correlation length £ is given by:
L
= 2.4
f 27TA¢ ( 0)

Equating the scaling behaviour of the lattice two point correlation with that of the

CFT, we have then:
A T r2wA
<A(1)> xe I° (2.41)

oA
log <ié> —_ WL ® 4o G) (2.42)

and we recall that we have quite generally:

which allows us to write:

A=h+h (2.43)
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Equation provides us with a practical way to observe the scaling dimension Ay
on the lattice by observing the scaling behaviour of the transfer matrix eigenvalues for
sufficiently large L. We can in fact observe all of the scaling dimensions in the theory
this way by the following more general result [26] [19] [18]:

log A; 2m /¢ - 1

where A; is the i-th largest transfer matrix eigenvalue and h; and h; are the confor-
mal dimensions of the primary operator corresponding to that eigenvalue. Comparing
equation with we see that after subtracting the non-universal bulk energy
term term fp, the log of the transfer matrix of the closed model corresponds to the bulk
CF'T Hamiltonian on the cylinder. One therefore expects a similar relationship to hold
between the transfer matrix of open critical models with the Hamiltonian of a boundary
CF'T on the strip. The scaling behaviour of the eigenvalues of the open transfer matrix

is [26, 31]: " . 1
OgL’:f0+ - S (o hi>+o<L2> (2.45)

L I2\24

where fs is a non-universal quantity corresponding to the surface energy, hg is the
conformal dimension of the corresponding boundary changing operator inserted at the
origin, and the other h; are the conformal dimensions of its descendants. Comparing
(2.45) with (2.31) one observes that the Hamiltonian of a boundary CFT on the infinite

strip is given by the log of the open transfer matrix after subtracting the non-universal
terms foL and f,.






Chapter 3

The Potts model

This chapter will discuss a particular critical lattice model in the context of the dis-
cussion of bulk and boundary CFTs in chapter 2| The model of interest is the Potts
model on the square lattice which has two distinct critical points, one where the model
is “ferromagnetic” and one where it is “antiferromagnetic”, labels which stem from the
sign of the nearest neighbour coupling constant appearing in the classical Hamiltonian
at each of these critical points. The ferromagnetic region has been well studied and its
critical properties well established, see for instance [32], 33| as well similar work applied
to Potts spin chain in [34] [35]. The antiferromagnetic region however is less well un-
derstood despite a large amount of literature on the topic [36], 32, 37, B8, [39]. Its most
striking property, when studied with periodic boundary conditions, is the appearance
of a continuum of critical exponents and its subsequent description, in the continuum
limit, by a non-compact CFT. The remarkable nature of this result should be empha-
sised: the lattice model has a finite number of degrees of freedom and is compact, yet
produces a non-compact field theory in the continuum limit. This continuum limit is
known to be closely related to the SL(2,R);/U(1) coset model [40, 4], 42], also known
as the “Euclidean Black Hole CF'T” as a result of its origins in string theory.

This leads us to ask questions surrounding the nature of the corresponding boundary
CFT. While there are a number of examples of lattice models with a finite number of
degrees of freedom that are described by non-compact continuum limits [43], 44] 45], [46],
these examples only consider the periodic case. As was discussed in chapter[2] boundary
conformal field theories are in some sense “simpler” than their bulk counterparts due to
the appearance of just one copy of the Virasoro algebra. One would therefore hope that
a more intricate understanding of the field theory limit could be reached when studied
in the “simpler” case with open boundaries. The price to be paid is that one must search
for lattice boundary conditions that do indeed correspond to conformal boundary con-
ditions [47, 48, [49]; it is no guarantee that any particular boundary condition will do
the trick and we will in fact present here a boundary condition that is conformal in the
ferromagnetic model but seemingly not conformal in the antiferromagnetic case.

The point of this chapter is to elucidate the results of this search and to explore
their consequences. New boundary conditions in the antiferromagnetic model are indeed
found and the corresponding spectrum generating functions in the continuum limit are
identified with the discrete characters of the SL(2,R);/U(1) coset, hence confirming the
close relationship between the antiferromagnetic Potts model and the Euclidean black
hole. A number of other new results are obtained along the way. In particular, it is well

23
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known that the Potts model can be reformulated as a RSOS height model, when the
new boundary conditions are interpreted in this language one finds that the spectrum
generating functions in this context are identified with the “string functions” of the
SU(2)k—2/U(1) parafermion theory [50], a compact CFT. By using the representation
theory of the lattice algebra, the Temperley Lieb algebra and its extension known as the
blob algebra, the connection between the compact and non-compact models (i.e. the
parafermion theory and the black hole theory) is made more precise by an expression
identifying the string functions with an alternating infinite sum of discrete black hole
characters.

We will begin in section [3.I]with a review of the Potts model on the square lattice and
its formulation as a loop, height and vertex model. The algebraic structures required for
the remainder of the chapter, namely the Temperley Lieb algebra and the blob algebra,
will be reviewed. Section [3.2 will then review the Potts model at its ferromagnetic
critical point. We will then consider the antiferromagnetic Potts model in section
where we will study the continuum limit of the model with free boundary conditions.
The new boundary conditions mentioned above and the corresponding continuum limit
will be presented in section [3.4 This section will also consider the RSOS version of the
model and study the new boundary conditions in this context. Section [3.5| will consider
the issues of normalisability in the black hole theory and discuss its interpretation on the
lattice. Sections and will consider the antiferromagnetic Potts model with the
new boundary conditions on both sides of the lattice and relate this to the fusion rules
in the CFT. In fact, the fusion rules in the parafermion theory will be both observed
numerically and derived analytically from the lattice results. Section [3.8 will specialise
to the case of the two and three state Potts model and section 3.9 will discuss the
disorder operators of the parafermion theory and their appearance on the lattice.

3.1 The lattice model

We will consider here the Q-state Potts model on the square lattice defined by the
classical Hamiltonian:

H=-K1) o0, K2 Y 0.0, (3.1)
(i) (if)2
where (ij); and (ij)2 denote respectively the set of horizontal and vertical nearest

neighbours, while K and K> are the corresponding coupling constants. Eq. (3.1]) gives
the partition function

z2=> T exp(K166,.0,) ] exp(K206,0,) (3.2)
(i5)2

{o} (iih
where the sum is over all configurations of the Potts spins o. Here each spin can take
the integer values o; = 1,2,...,Q, and {o} denotes the collection of all spins. We will

be particularly interested in the isotropic model, i.e. K; = Ky = K. In this case,
eqs. f become
H=-K) 050, (3.3)
(i)
and
2= exp(-H) =Y _ ] exp(Kbs, ;) (3.4)
{co} {o} (i)
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respectively. It is known that the model admits a duality transformation. Recall that
the dual lattice can be defined by placing a lattice site at each face of the original lattice.
A duality transformation then is one which defines the model on this new lattice with
new coupling constants such that the new partition function only differs from the old
one by a multiplicative normalisation factor. Under such a transformation the variable
v = e —1is replaced by its dual value v* = Q/v. It turns out that the “self-dual” point,
ie. v, = +/Q, corresponds to the ferromagnetic critical point [5I]. Notice that under
duality, a horizontal pair of nearest neighbours is replaced by a dual vertical pair, and
vice versa. The isotropic square-lattice Potts model is also critical at another value,
vaAF = —2 4 /4 — @, the antiferromagnetic critical point [36]. Note that this point
is clearly not self-dual, hence the dual value of the antiferromagnetic critical coupling
Vip = Q/var = —2 — /4 — @ provides a second AF critical point in the same univer-
sality class as vap.

3.1.1 Loop Model Formulation

The partition function in is written as a sum over spin configurations {o}. We
will now proceed to formulate the Potts model as a loop model, i.e. to write Z in (3.2))
as a sum over loop configurations. Consider again the anisotropic model where we can
write

eXp<K150i,0j) =1+ Uldai,(f]-

3.5
eXp(K26gi,0j) =1+ Uzdghgj ( )

and evaluating these identities for d,, ,; = 0 or 1, we see that they are satisfied provided
we set
V] = 11

oy (3.6)

V) = €
Following the strategy of Fortuin and Kasteleyn [52], we insert (3.5) into and
expand out the products. For each term in the expansion, we draw a line between
neighbouring Potts spins ¢ and j provided it corresponds to picking the second term
V0o, 0, N , and no line if the first term, 1, is taken. Making this choice for each
nearest neighbour pair defines a graph G of clusters (connected components) containing
|G1| horizontal and |G2| vertical lines. We can then write the partition function as a
sum over all possible clusters:

Z= Zv'lGl‘ULGZ‘ Z H o055 (3.7)
G {o} (ij)eqd

where ) is a sum over all clusters. We denote the total number of lines in G as
G

|G| = |G1| + |Ga]. (3.8)

If we define the quantity C(G) as the number of connected components in G, the
partition function (3.2)) can be rewritten as [52]

z =3 o FhFlge@, (3.9)
G

Following Baxter, Kelland and Wu [53], we can next transform this cluster model
into a loop model, i.e., rewrite the partition function as a sum over loops. The graph
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(a) (b) (c) (d)

Figure 3.1: Each tile on the lattice will take one of the forms shown in panels (a),
(b), (c) and (d). The black circles represent the points where the Potts spins lie. The
vertices with no black circles are points on the dual lattice.

TRELE Y
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Figure 3.2: The one-to-one mapping between cluster configurations and loop configura-
tions.
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of clusters G is made up of four different types of tiles, shown in Figure defined
by the following two binary choices: 1) For tiles of type (a) and (c), the Potts spins
(resp. dual Potts spins) stand at the top and bottom vertices (resp. at the left and right
vertices) of the tile, while it is the other way around for tiles of type (b) and (d). 2)
For tiles of type (a) and (b), the FK expansion contains a line between the two Potts
spins, while for tiles of type (c) and (d) there is no such line. A loop representation
equivalent to the FK one is now defined by assigning to each tile two quarter-turn loop
segments, as shown in Figure Doing this for each tile of the lattice (with appropri-
ate boundary conditions), we obtain an ensemble of closed loops, as shown in Figure

It follows from this property of surrounding that the number of loops ¢ in any given
configuration is the sum of the number of connected components C' and the number of
independent cycles S in the corresponding FK cluster configuration:

(=C+8 (3.10)

We furthermore have another easily verified topological identity for each cluster config-
uration:

C=\V|-|G|+8S, (3.11)
where |V is the number of vertices on the lattice. Combining eqgs. (3.10)—(3.11)) gives

us

C = %(m _16)+0), (3.12)

and inserting this into (3.9)) gives us the partition function expressed as a sum over loop
configurations[53]

V] J2
z2=Q= Y olnes, (3.13)
loops
where we have defined z1 = 11 4nd Ty = eKQé L The isotropic case corresponds to

r1 = o9 = x. In other words, apart from an unimportant overall factor, Z consists of
local weights @1, o depending on the choice of tiles, and a non-local weight of \/Q per
loop.

3.1.2 The Temperley-Lieb algebra

It will be convenient to describe the model within an algebraic framework that we now
define. It will turn out that by writing the transfer matrix in terms of generators of
a particular algebra, we can use some powerful tools from the representation theory of
that algebra to understand aspects of the model both at the level of the lattice in finite
size and of the underlying CF'T itself.

In the open case with “free” boundary conditions the cluster and loop expansions de-
scribed previously work in the same way. If we consider the Potts model on a strip of
the square lattice of width L, the loop model defined in can be described by a
transfer matrix “propagating” in the vertical direction, given by:

T = (z1+e1)(rr +e3) - (x1 +ear—1)(1 +x2e2)(1 + w2eq) - -+ (1 + 22021, 2) . (3.14)

Equation (3.14])) and the operators e; can be most easily understood using a graphical
representation. In the factors of the form (z1 + egr—1) the first term corresponds to a
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G

Figure 3.3: Graphical interpretation of the Temperley Lieb algebra e? = /Qe;. Multi-
plying Temperley Lieb operators corresponds to stacking tiles vertically. Stacking the
tiles in the left-hand part of the figure corresponds to the following string of Temperley
Lieb operators: e;I;_11;11e; = eje; = +/Qe;.

&y

Figure 3.4: Graphical interpretation of the Temperley Lieb algebra e;e;_1e; = €;. Stack-
ing the tiles in the left-hand part of the figure corresponds to the following string of
Temperley Lieb operators: e;[;11€;—1e; = eje;—1¢€;

tile of type (a) in Figure while the second term corresponds to a tile of type (c).
Similarly, in the factors of the form (1 + x2eq) the first term corresponds to a tile of
type (d), while the second term corresponds to a tile of type (b). In other words, the
former factors add a row of vertical edges between the Potts spins, while the latter ones
add a row of horizontal edges. The action of the transfer matrix can then be seen to
build all of the possible configurations of loops, with the appropriate factors of x; and
xo. To ensure that the transfer matrix correctly assigns the Boltzmann weight
/@ to each loop, one imposes that the e; satisfy the defining relations of the Temperely
Lieb algebra [21]:

& = \/Ge:.
€i€i+1€; = €; , (3.15)

eje; = eje; for [i — j| > 2.

In the loop language, we can interpret the TL relations graphically by associating a tile
with the loop configurations shown in Figure d) to the identity operator, and the
tile in Figure [3.1](c) to the TL operator e;. The corresponding tiles (a) and (b) have
the same interpretation, except that they include the factors x1 2 in order to account
for the weighting of the lines in the expansion.

Multiplying TL generators then corresponds to stacking tiles vertically. The graphical
interpretation of the relation e? = \/Qe; is shown in Figure . We see that stacking an
e; tile on top of another e; tile creates a loop, and this loop gets the Boltzmann weight
v/@Q. Similarly, the relation e;e; 1e; is illustrated in Figure .

While the particular graphical description of the TL generators in Figures
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A4 A4 A4
€] = ey = e3 = 1=
m ) VN ) N

Figure 3.5: The graphical interpretation of the Temperley-Lieb loop representation.

N\
N\
e% = O =/Q ‘ ‘ =/Qey
M\
VA
Figure 3.6: Graphical interpretation of e? = /Qe;.

and [3:4] is convenient to illustrate the connection to the Potts model on the square
lattice in Figure slightly different notation should be used if the full power of the
algebra representation theory is to be utilised. Consider the action of e; on N = 2L =4
strands. The graphical description of each of the generators for N = 4 is displayed
in Figure Then the graphical interpretation of the algebraic relations in
are shown in Figures [3.6] and 3.7 We can consider the transfer matrix to act on the
representation spaces defined in Figure [3.8] The full space is divided into sectors Wy,
Wi and W, where W; is the sector with 2j through lines.

3.1.3 The vertex representation

The loop model can be reformulated as a vertex model by assigning an orientation
to each of the loops. An example of a configuration of such an oriented loop model
is shown in Figure 3.9] Observe that each of the tiles on the lattice now take the
form of one of the vertices in Figure instead of one of the tiles in Figure (c)
and (d). The Boltzmann weights of a vertex on a tile corresponding to a horizontal
coupling of Potts spins are displayed below the vertices, and the Boltzmann weights
for vertical couplings are displayed above the vertices. These weights ensure that loops
oriented in an anti-clockwise direction get a Boltzmann weight of e™*7, and that loops
oriented in a clockwise direction get a Boltzmann weight of e??, hence their sum gives
VQ = 2cosy = €7 + e ¥, The factors of = in Figure then ensure that the
corresponding partition function of the vertex model is equal to that of the loop model
in equation . The vertex representation of the Tempereley Lieb algebra is given
by:

A\
€162€1 = = =e€1
M

M\

Figure 3.7: Graphical interpretation of ejese; = eg.



30 CHAPTER 3. THE POTTS MODEL

Wo= 1w v o)
Wi={x 11, 1~ 1, 11 )

Wwe=1{1 111}

Figure 3.8: The representation spaces of the Temperley-Lieb algebra acting on N = 4
strands.

Figure 3.9: A configuration of oriented loops. The oriented loop model becomes a vertex
model.

T T 1 1 z+e Y x + el
1 1 x x 1+ ze ™ 14 zel

Figure 3.10: The vertices and their Boltzmann weights
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0 O 0 0
0 e 1 0
_ 1®n—1 ) ®2L—n—1
en=1 @10 1 & 0 ® I . (3.16)
0 0 0 0

The operator e, can also be written in terms of Pauli matrices

T

en =3 [ofony +ohol, —cosy(ohoh 1 — 1) —isiny(o] — o)) - (3.17)

5 L
This vertex model was studied with periodic boundary conditions in [54] where one can
describe it using a transfer matrix written in terms of R-matrices which at the isotropic
point £1 = xo = x are written as:

Riit1 = (x + e2)(1 4+ zegi—1)(1 + xzegit1)(z + e2;) (3.18)

Then the transfer matrix of the periodic model is given by:

T = Tro(Ra1...Rar) (3.19)

It was in this representation of the Potts model that the continuum limit was found to
be given by the Euclidean Black Hole CFT, discussed in section [3.3

3.1.4 The blob algebra

The only open boundary conditions that we have so far considered are “free” boundary
conditions and the corresponding transfer matrix was written in equation (3.14)). Free
boundary conditions turn out to be conformally invariant in the continuum limit for
both the ferromagnetic and antiferromagnetic models, as will be discussed below. The
ferromagnetic model admits another type of conformally invariant boundary conditions
referred to as “blob” boundary conditions for reasons that will now be discussed.

Consider the open Q)-state Potts model where the Potts spins on one of the bound-
aries (say the left boundary for now) are restricted to take values in {1,2,...,Q1} with
Q1 < Q. By carrying out the mapping from the Potts model to the loop model outlined
in section but this time with the new restricted boundary conditions, one arrives
at the following loop model partition function:

I
Zhor = Q7 > 2I9Q3 <%> (3.20)

where [ is the number of loops that touch the left boundary, [ is still the fotal number
of loops and we have set z1 = 2o = x. By setting:

Il
V@

loops

(3.21)
we can rewrite equation ([3.20]) as:

Zhor = Q7 > 2NGQ) Tyt (3.22)

loops

where we see that the “blob" partition function is a sum over loop configurations where,
as in the periodic and free case, loops in the bulk get a Boltzmann weight 1/@Q but now
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Figure 3.11: The blobbed loop model where loops that touch the left boundary at least
once (blobbed loops) get a modified Boltzmann weight.

loops that touch the left boundary at least once get a Boltzmann weight y = % We
mark these boundary loops with a “blob”, as is shown in a typical configuration of loops
with these boundary conditions in Figure Note that for the original Q-state Potts
model where Q must be an integer, this boundary condition only makes sense if Q1 < Q
is also integer. However, once the definition of the model has been extended to all real
values of @) in the loop model, it is no longer necessary to impose this restriction on
(D1, which can hence take arbitrary real values as well. The blobbed loop Boltzmann
weight y is normally parameterised in the following way:

y— sm(.(r + 1)) (3.23)
sin(ry)
While the Temperley Lieb algebra was used to describe free boundary conditions,
we will turn to an extension of this algebra, the blob algebra [55] 56l [57], to describe the
“blobbed” boundary conditions. The blob algebra is defined by supplementing

by an extra generator b subject to the new relations:
erber = yer,
V=0, (3.24)
eib="be; fori>1.

The graphical interpretation of the first of these relations is illustrated in Figure [3.12
The blob operator b adds a “blob” to the left most loop strand and closed “blobbed
loops” then get the modified Boltzmann weight . The relation b> = b describes the
property that loops which touch the left boundary more than once get the same weight
as loops that touch the left boundary exactly once. Note that the general blob boundary
conditions include the case of free boundary conditions (Q1 = Q), as well as, for Q €
{1,2, 3,4} integer, the case of fixed (Q1 = 1) or “mixed” (1 < @1 < @ integer) boundary
conditions [58]. Just as in Figure we introduced an explicit representation of each
Temperley Lieb algebra generator, we will do the same for the blob algebra - its graphical
representation when acting on N = 4 strands is shown in Figure Staying with this
notation, the first identity in equation is depicted graphically in Figure
Now consider the representation spaces that the blob algebra acts on. We must
distinguish between spaces WJI»’ and W' corresponding to sectors with 2j “through lines”
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Figure 3.12: Graphical interpretation of the blob algebra relation ejbe; = ye;y

]

Figure 3.13: The graphical interpretation of the blob generator b.

N4

A4
erbe; = O =Y =Yyel
N\

M\

Figure 3.14: Graphical interpretation of ejbe; = yey

Wo= 1 v Ozt

W={\ 4 1, 4 v 1, ¢+ 1 )
Wi=1{ 11}
wh=A{¢ | | I}

Figure 3.15: The representation spaces of the blob algebra acting on N = 4 strands.
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where the leftmost through line is “blobbed” and “unblobbed" respectively. The spaces
for N = 4 are shown in Figure 3.I5] Clearly there is no notion of “blobbed” and
“unblobbed” sectors when j = 0 since there is no line to blob in that case. Similarly,
when 25 = N we do not consider the “unblobbed” sector since we are imposing that
loops that touch the left boundary must take a blob. Both of these points are illustrated
in Figure |3.19]

3.1.5 RSOS models

RSOS models are defined by assigning integer heights both to the vertices where the
Potts spins lie and to their duals. More precisely, the RSOS heights live on all of the
vertices of the tilted square lattice shown in Figure In the models of interest here,
the heights are constrained such that nearest neighbours must differ by +1. More gen-
erally however, RSOS models can be built from a Dynkin diagram [59} 60, 61] and obey
the more general constraint that nearest neighbour heights on the lattice must also
be nearest neighbours in the Dynkin diagram. We are considering here the “A-series"
RSOS models, hence the particular constraint that the heights differ by +1.

We should also clarify here that the RSOS models of interest are not the same models as
the RSOS models introduced by Andrews, Baxter and Forrester (ABF) [62]. The RSOS
models that we are interested in, henceforth referred to as the AF Potts RSOS models,
have Boltzmann weights assigned to each tile, and these weights are “staggered”, i.e.,
even and odd numbered tiles will have different Boltzmann weights. These staggered
weights ultimately stem from the alternating local weights x; and z9 defined in (3.13)).

To understand this in detail, consider the lattice in Figure |3.16f The degrees
of freedom which live on the vertices of the lattice are integer heights from the set
{1,2,...,k — 1}—i.e., the Dynkin diagram Aj_;—where the parameter k will be re-
lated to the loop weight ¢ = 2cos~y via the relation v = 7. Boltzmann weights are
then associated to each tile and depend on the heights at each of the tile’s vertices; see
Figure [3.17] Each tile in the lattice is labelled by an integer giving its position along
the horizontal axis, as shown in Figure [3.16] The staggering comes about by allowing
the Boltzmann weights to depend on the parity of the tile label. Specifically, to tiles
with an even label we give the weight

)
e

W (a,b,c,d) = 6(a,c) + ro~——==0(b,d), (3.25)
SpS,

:

whereas tiles with an odd label get the weight

SaS,
V5S4

In these expressions, the height values a, b, ¢, d are associated with the vertices bordering
the tile as shown in Figure [3.17] and we have defined

o

W(a,b,c,d) = xz16(a,c) + 5(b,d) . (3.26)

B sin( %)
Sq = sin(%) (3.27)

It is easy to see that the weights 1 and x5 are analogous to those appearing in Figure|3.1
Moreover, the Kronecker deltas are related with the line expansion in Figure 3.2

We can describe the AF Potts RSOS model using the transfer matrix defined in
, but using a new “RSOS representation" of the Temperley Lieb generators e;
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G
8-

hn+1

—_

h

hy % hni1

Figure 3.16: The staggered RSOS model. An integer heights lives on each vertex, here
shown for a lattice of width NV = 2L = 6. The numbers on the centre of the tiles are
labels; in the staggered model, even and odd numbered tiles get different Boltzmann
weights. When we fix the boundary heights h; and hy41, the model corresponds to
“free” boundary conditions in the original formulation of the @-state Potts model.

oo

a

—_

Figure 3.17: Four heights around a tile in the RSOS model

[59], given explicitly by

eilh, .o hicis by higa, oo hvga) = 0(hizt, higr) Z T
h

(3

(3.28)
where |h1,...,hi—1,hi,hiy1,...,hny1) s a state specifying the heights on the N + 1
consecutive sites along one row of the lattice (see Figure [3.18]). This representation of
e; recovers the Boltzmann weights defined in equations (3.25]) and (3.26)).

h1 h3 hs hr
ho h heg

Figure 3.18: The state |hihohshghshehz).

Note that the transfer matrix in corresponds to “free” boundary conditions in
the @)-state Potts model but in the RSOS formulation of the model that we have just
described we must fix the heights at the two boundaries. Section will discuss in
more detail the mapping between the Potts/loop version of the model with the RSOS

version, and in particular, the interpretation of blobbed boundary conditions in the
RSOS model.

/
hl?' . 'ahi—lyhiahi-l-l: .. '7hN+1> )
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&5
%

%

S
S

Figure 3.19: The RSOS model: heights live on the all vertices. In the ferromagnetic
model, fixing the heights at a,b and c is a conformal boundary condition.

3.1.6 Blobbed boundary conditions in the RSOS model

In section [3.1.5]it was shown that the RSOS model with the outermost heights fixed to
constant values could be described by the same transfer matrix as the loop model
with free boundary conditions, but with the loop representation of e; replaced with the
RSOS representation written in equation . To understand how we can interpret
the blobbed boundary conditions of section [3.1.4 we will briefly review the link between
the loop and RSOS versions of the model. In particular, we will show that the partition
functions of the two models can be identified.

Consider again the transfer matrix of the RSOS model (equations and (3.28))
and decorate each tile with either a vertical line or a horizontal line corresponding to
the identity operator and the Temperley Lieb operator respectively. We also need to
include a factor of z = ¢-=L on the vertical lines for odd numbered tiles, and on the

horizontal lines for even numbered tiles, (corresponding to the position of the factors
of z in (3.47)). Due to the presence of the delta function on the right hand side of
equation , these lines form configurations of clusters that join equal heights. To
each of these cluster configurations we can associate a loop configuration by decorating

each tile as in Figure

The Boltzmann weights defined in equations and of the RSOS model
result in the same partition function as the loop model defined by the transfer matrix
in equation (3.47)). (This statement is true only when one is careful with the boundary
conditions in both models; as emphasised previously, free boundary conditions in the
loop model are mapped to a boundary condition in the RSOS model where the outermost
heights are fixed). There is a long discussion of this identity of loop model/RSOS
model partition functions in [57]. The main idea of the mapping is that since heights
in the RSOS model must differ by 41, once we fix a particular height to be b say,

each neighbouring interaction contributes Sf’g:l + Sg: to the partition function. From
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Figure 3.20: The RSOS and loop models: the lines join vertices with equal heights.
Vertical lines correspond to the identity operator and horizontal lines correspond to the
Temperley Lieb operator. Periodic boundary conditions in the vertical direction are
imposed.

equation (3.27)) then we have:

(b+1)7 (b—1)m

Spe1 + Sp—1 _ sin() +sin() T _
Gt = e — 2cos (%) = /0. (3.29)

where we recall that 1/Q is the Boltzmann weight of a loop in the loop model. Equation
is the crucial relationship that leads to the identification of the loop model and
RSOS partition function in [57]. Consider then the RSOS boundary conditions in Figure
where the outermost heights have been fixed to b and a and the the second height
from the left has been fixed to ¢ = b + 1. The analogy to equation for the
boundary then is

Sbi1 _ sin( ) —y (3.30)
Sp sin (%r) '

if ¢ is fixed to ¢ = b+ 1 and if we take r = b in equation (3.23). Therefore, the
interpretation of blobbed boundary conditions defined in section in the RSOS
model is those defined in Figure with c =0+ 1.

3.2 The critical ferromagnetic Potts model

There are two well-known critical lines of physical interest for the @Q)-state Potts model
on the square lattice. The ferromagnetic self-dual line is obtained for x12xo = 1, with
x; > 0. The isotropic case corresponds to x1 = x5 = 1 and thus

Bl — o2 — 1 4 \/@ (3.31)

The continuum limit of the ferromagnetic loop model is reviewed in many places (see e.g.
[32, 133]). The isotropic ferromagnetic model with free boundary conditions is described
by the transfer matrix:

T=(1+e1) --(1+ea—1)(1+e2) - (1+ea—2) (3.32)
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When we take the continuum limit, the space that the transfer matrix acts on should
become the Hilbert space of the corresponding CF'T. We will be interested in calculating
the CFT generating function, which is defined by the trace of the operator g=0—¢/24
the CFT Hilbert space. We will study separately the action of the transfer matrix on
the modules W, and each of these modules will produce a different CF'T generating
function. Note that taking each W; separately only makes sense when we impose that
e; acting on two “defect lines” at positions ¢ and ¢ + 1 gives zero - otherwise the space
W; would interact with W;_; under the action of e¢;. We will then use the notation
Tryy; to mean the trace over the modules of the Temperely-Lieb algebra in the sector
with 25 through lines and this trace should become a CFT generating function when
we take the continuum limit. In particular, we will write Tryy, qLo=¢/24 o mean the
CFT generating function obtained in the continuum limit by acting on the TL module
W;. One then obtains these generating functions by studying the finite size scaling
behaviour of the free energy density fr:

over

Js 71'(2%1 — h’) 1
fL:fO‘Ff_iLQ +o ﬁ s (333)
where fr is related to the leading transfer matrix eigenvalue \g by E|
log A\g
= X .34
fr =2 (3.34)

We compute fr explicitly by exact numerical diagonalisation methods, then extract h
and ¢ by studying the scaling of f; and comparing with (3.33)). We find the remaining
exponents in the model by extrapolating to the limit % — 0 the quantities

B — _L log | =

Jlog |5 (3.35)

where A" denotes the i-th leading transfer matrix eigenvalue. It is found that, by
applying this procedure to the transfer matrix in equation (3.32]), one arrives at the
generating function Z; of levels corresponding to a Kac module:

. qh1,1+2j _ qh1,7172j

Zj = Tryy,q"0 ¢/ = g 21— (3.36)
I1(1—q")
where )
(kr—(k—-1)s)" -1
s = 0= D) (3.37)
and
=19 (3.38)
k(-1 '

where we have used the parametrisation /@) = 2 cos~y, with v = 7 and k > 2.

The ferromagnetic loop model with blobbed boundary conditions is described by the
transfer matrix:

!The factor of 2 appearing here comes from the fact that (3.47) is a double-row transfer matrix. We
will later consider an example of a four-row transfer matrix—see eq. (3.68)—where this factor of 2 will
be replaced by 4 when computing the exponents.
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T = b(l + 61) s (1 + €2L—1)(1 + 62) cee (1 + 62L_2) , (3.39)

When the blob transfer matrix in equation 1’ acts on the W]l? module, the generating
function of levels in the continuum limit is that of a Verma module:

c hr',7'+2j
Zb — TrwquO*C/24 = qiﬂiq (340)

J
’ (1—-q")
1

—8

n

where r is the parameter appearing in the weights of the blobbed loops, defined in
(3-23). Similarly, when the transfer matrix in (3.39) acts on the W} module the Verma
module generating function that we get in the continuum limit is:

Z]u = Trwjuq (3.41)

We see then that the representation spaces of the Temperley Lieb algebra and the blob
algebra become, in the continuum limit, representation spaces of the Virasoro algebra.
In the case of the Temperley Lieb transfer matrix in equation , we get a Kac mod-
ule and for the blob transfer matrix in we get a full Verma module. However,
when the parameters k, » and s take integer values, it is well known that the Verma
modules are reducible. As we will now see, this property of reducibility in the contin-
uum limit can actually be seen in finite size by studying the representation theory of
the blob algebra.

Let’s first consider how this works for the Temperley Lieb algebra and the corresponding
Kac module in the continuum limit (see equation (3.36))). Consider the representation
spaces of the Temperley Lieb algebra with N = 4 strands as in Figure (3.8), and
let’s take the simple case of v/Q = 1. In this case, the space shown in Fig is
annihilated by ej, eo and e3. The space W, in Figure is also annihilated by ey,

NN W

Figure 3.21: A state in Wy with N = 4 strands that is annihilated under the action of
the Temperley Lieb algebra for 1/Q = 1 and is isomorphic to Wj.

e and e3 since, as before, we impose that e; acting on two through lines at sites ¢ and
1+ 1 gives zero. Hence, the space W» is isomorphic to the space in W, that is displayed
in Figure 3:21] The fact that W), contains an invariant subspace at all means that it is
a reducible representation, but we can make an irreducible representation by taking the
quotient of Wy with respect to its invariant subspace - that which is isomorphic to Whs.
We write this quotient as %g. One can perform the same calculation for N = 6 (see e.g.
appendix A of [63]) to find the exact sequence shown in Figure (and in fact, Figure
m is an example of a short exact sequence). Setting, as before, v/Q = 2cosvy and
v = 7, the exact sequence for general N and k is shown in Figure Moving now
to the blob algebra, we recall from Figure that representations come in two forms,
W]I? and Wy Performing the same calculation as for the Temperley Lieb algebra leads
to an exact sequence in terms of quotients of W]I? and W]“ The details of the calculation
can be found in the appendix of [63] and the result is presented in Figure There
is a more intricate structure to the representation theory of the blob algebra than is
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0 Wo Wo Ws 0

Figure 3.22: A short exact sequence of Temperley Lieb algebra representations for N = 6

and v/Q—1.

WS Wi & Wi S Wayy j <

Figure 3.23: An exact sequence of Temperley Lieb algebra representations for general
N and k.

captured by Figure[3.24] In particular, it is known (see e.g. [64]) that for r and k integer
the module W,’i,r, ; 1s an invariant subspace (under the action of the blob algebra) of
W]b . To create an irreducible representation of the blob algebra on the lattice, and
indeed an irreducible representation of the Virasoro algebra in the continuum limit one
should consider the full diagram of inclusions of the blob algebra which is shown in
Figure In this case an arrow from one space to another means that the first space
is isomorphic to an invariant subspace of the second. For example, le? — W;‘ﬂ- means
that WT“_H- is an invariant subspace of le»’.

As before, to create an irreducible representation one must quotient out all of the
invariant subspaces. Using the diagram in Figure the irreducible representation is
formally obtained via

T?j -

b
b é Wj+nk/W]u+r+nk (3 42)
> .
n=0 Wk—j—r—i—nk/wl?—j—i-nk
The quantity X,ﬁ ; is the irreducible module. Calculating then the corresponding gener-

ating function in the continuum limit of the irreducible representation, one arrives at
the infinite alternating sum:

e oS
Lo— b b
TrXrb,j q o/ = Z(Zj-l-nk - Zk—r—j—i—nk) - Z( ;’L+r+nk - Zﬁ_j+nk) (3.43)
n=0 n=0

This irreducible representation of the lattice algebra in fact corresponds to the RSOS
representation and predicts that the expression in is the generating function of
the RSOS model with blobbed boundary conditions as defined in [3.1.6] Recall now the
well studied (see e.g. [4]) method to construct an irreducible representation starting
from a Verma module, i.e. the construction of CFT minimal models. One starts with a
Verma module V, 5, that is a highest weight representation of the Virasoro algebra and
quotients out the singular vectors to build an irreducible representation. The inclusion
diagram for the Verma module is shown in Figure [3.:26] One observes that it is in exact
correspondence with the inclusion diagram of the blob algebra in Figure when the
following correspondences are made:

b
Wi < Virt2;

’ (3.44)
Wj A Vr,r72j

The character of the minimal models is then given by an infinite alternating sum of
Verma module characters, and this expression must then coincide with the expression

in (13,
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we wb_ . we
L=< Skero & okt < Worsy <«— .
WJ+T k—j Wk+r+1 WQk—j

Figure 3.24: An exact sequence of blob algebra representations for general N and k.

WJI? iwk r><% 2’€T>J( 2k+]
2k —j

U
Wr+] Wk+r+]

Figure 3.25: The inclusion diagram of the blob algebra module le?

While the expression in relating the generating function of minimal models to
an infinite alternating sum of Verma module generating functions was known before the
representation theory of the blob algebra was worked out, the above analysis provides
us with some useful insights for how to understand the Virasoro algebra on the lattice.
In particular, later sections will apply the same techniques from the above analysis
to the antiferromagnetic model and in so doing will derive a new identity relating the
generating functions of the parafermion CFT (so-called “string functions”) to the discrete
character of the Euclidean Black Hole CFT.

3.3 The critical antiferromagnetic Potts model
The antiferromagnetic (AF) critical line is given by

(efr4+1) (" +1)=4-Q (3.45)
and at the isotropic point corresponds to

efr=ef2 = 14 ,/4-Q. (3.46)

Note that the corresponding loop model has weights that depend also on |G|, the num-
ber of lines in the graphical expansion. Free boundary conditions are known to be
conformally invariant for the antiferromagnetic Potts model, just like they were for the
ferromagnetic one. The transfer matrix is given by equation , which reads in the
isotropic case

T = (IL’ + 61) ce (:IZ + CQL_l)(l + 1’62) AR (1 + .CE@QL_Q) s (3.47)
but now with the AF choice (3.46|) of the coupling constants:

Lol 2+ (3.48)

x/@ \/@

This corresponds, in the six-vertex model representation of the TL algebra, to a stag-
gered six-vertex model (see Figure|3.10) with full Uysl(2) symmetry: the transfer matrix




42 CHAPTER 3. THE POTTS MODEL

Vr,r+2] Vr,Qkfrf ¥ r,2k+1r+2j VT,4]€*T*2J r,dk+r4+2j

Vi —r-55 Vir—2k52;5 Ve —r—2;So% Vrr—al525

Figure 3.26: The inclusion diagram of the Verma module V;,2;

(3.47) commutes with the generators of the quantum group [22]. The central charge
along the AF line is well established to be [32 [37]

CPF = 2 — § s (3.49)
k

where the subscript PF abbreviates “parafermion” for reasons that will be exposed in
detail below. This can be observed by studying the finite size scaling behaviour of
the largest eigenvalue of the transfer matrix using . The full CFT describing the
continuum limit of the AF Potts model with these boundary conditions was elucidated
as early as [32], and further studied and confirmed in [65] 66, B7]. In the sector with
[ = 2j through lines the leading critical exponent is given by:

I(1+2)
ik

which can be identified |32, 37] as one of a more general family of exponents for the
SU(2)g—2/U(1) compact parafermion theory

Ay = (3.50)

m +2) m?
N T (3.51)

In particular, we have A; = A?. The full generating function of conformal levels was
proposed to be [32]

L 24 q(l+1)2/4k - 1+1)/2
n=1

where we have parameterised \/Q = q + q~!, with q = ¢ = ¢"/k. While the initial
identification of the K generating functions was restricted to a few levels in [32], we
have carefully checked the validity of the expansion for a large number of levels.
For K for instance we have

Ko=q 5 (1+¢®+2¢°+4¢* + 645 +11¢° +---). (3.53)

This has been observed on the lattice by the analysis of the first 40 eigenvalues of
the transfer matrix (3.47). By considering sizes up to N = 24 we can see the first six
levels (with multiplicities) of the spectrum generating function, as is written in equation
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(3-53). For concreteness, we have focussed on the case k = 4.2, but other values confirm
this result. Similarly, we have observed the following levels for j = 1:

Ko = ¢® 51 (14 2¢ + 3¢% + 6¢° + 10¢* +---). (3.54)

The continuum limit is also closely related [54] 67, 68, 69] with the SL(2,R);/U(1)
coset model [41],140], henceforth simply referred to as the black-hole (BH) theory because
of its string-theory origins. Recall that this CFT has central charge:

6
=24 — 3.55
CBH + Py (3.55)
and conformal weights:

J(J-1) n (n + wk)?
k—2 4k
where n and w are integers. There is a continuous series of conformal weights with

J = % +is with s € RT and a discrete set with % <J < %, 2J € N. The generating
function of the descendants of the discrete set is given by [70, [71]:

hgH = — (3.56)

( 2 _(I=1/2)2
X =n(9) % TEgTTEE Sy, M >0 (3.57)
with M € Z and where
0 2
Sy =) (-1)gz T2GMH) (3.58)
n=0

The discrete character )\(‘i s pertains naturally to a theory with the central charge cgy
given by (3.55)) and a particular subset of the conformal weights in (3.56)):
(J+M)?2  JJ—-1)

hon =~ = = (3.59)

Nonetheless it is also possible to interpret it formally within a theory with central charge
cpr given by . Consider that, from equation , we only observe the central
charge and conformal dimensions in the combination 57 —h. In other words, we can only
directly observe the effective central charge c.;y = ¢ —24h. Using the correspondences:

J— m—+1
l—2m (3.60)
M=
2

we can see that cprp — 24A]" = cpg — 24h . In the following we shall maintain this
distinction, by denoting always the weights pertaining to the black-hole theory by h,
and those related the parafermionic interpretation of the AF Potts model by A.

The vertex representation of the AF Potts model was studied with periodic boundary
conditions in [54] where both the discrete and continuous series of exponents hpy were
observed on the lattice. It was also observed in [32] that in the RSOS representation
of the AF Potts model with boundary conditions such that the heights h; and hy41 in
Figure are set to 1 and [ + 1 respectively (see [72]), the exponents are again given
by and the full generating function of the model is given by:

o0

& = (Kitank — Konityei—2) = K1 — Kop 12+ Kijox — Kag 12+ ..., (3.61)

n=0
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This expression exactly coincides with the string function of the Z;_o parafermion CFT.
The string function c? in 1) is a special case of the more general object [73]:

1 (414201 k)2 (m42ny(k—2))2
i D DI G G R WL (3.62)
naq ni,n2€L/2
ni1—no€Z

n1>|nz2l,—n1>|nz|

It should be clear then from the above discussion that the AF Potts model is closely
related to the Euclidean Black Hole CFT as well as the Z; parafermion CFT. Previous
studies showed that the vertex version of the model produced the exponents of the
Black Hole Theory whereas the RSOS version, defined for k£ integer, produced a subset
of the exponents of the parafermionic CFT. This suggests that there should exist open
boundary conditions in the AF Potts model, other than free boundary conditions, that
produce the full set of parafermion exponents and the full set of string functions
. Section Will introduce new boundary conditions that achieves this. Using the
same techniques discussed in section [3.2] the representation theory of the lattice algebra
that describes these new boundary conditions will be utilised to derive a new identity
relating the string functions to the discrete character generating functions ,
shedding further light on the relationship between the Z; parafermion CFT and the
Black Hole Theory.

3.4 New boundary conditions in the antiferromagnetic Potts
model

We start with the observation that the usual “blobbed” boundary conditions from section
(which, we recall, correspond to fixing the values of the spin in the @Q-state Potts
model to a subset {1,2,...,Q1} on the boundary) do not seem, in general to be confor-
mally invariant in the critical antiferromagnetic caseE| We have identified a whole new
family of boundary conditions which are conformally invariant in the AF Potts model,
but are not in the ferromagnetic one. We refer to these boundary conditions as “alt”,
for reasons which will become clear below.

3.4.1 The alt boundary conditions in the loop model

Instead of taking the usual blobbed boundary conditions by fixing the spins to a sub-
set on one of the boundaries—by convention the left one—, we now fix them to two
complementary, alternating subsets. In other words, we decide that Potts spins on even
(say) boundary sites can only take a particular set of @1 < @ values, while spins on odd
boundary sites can only take values in the complementary set of Q2 = QQ — @1 values.
No spin can be in both sets. As before, we can make sense of this definition for all real
values of (), Q1 by going to the loop or vertex representation. In particular, we no longer
require 0 < @1 < Q. Using the same methods as section [3.1.4] the partition function
of the model in the loop representation with these alternating boundary conditions is:

{1 12
2, = QF 3 4llgh (%) (%) , (3.63)

loops

2What is observed is simply that the scaled gaps, while converging to fixed (real) values for large
systems as they should in a scaling theory, do not reproduce any of the features expected from a CFT.
Most noticeably, they do not form conformal towers with integer-spaced scaling levels characteristic of
descendent states.
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where the sum is over all loops that do not touch the boundary at both even and odd
sites, and ¢; and £3 are the number of loops that touch the boundary at exclusively even
and exclusively odd sites, respectively. This describes what we may call the partition
function of an alternating boundary loop model. We eliminate the overall multiplicative
factor and define: s

Zoop = 2 #QTuit? (364)

loops

where y; and 19 are the Boltzmann weights of loops that touch the boundary at ex-
clusively even and exclusively odd sites respectively, and we define ng = /@ to be the
weight of each of the £ — ¢; — {5 loops in the bulk (i.e. loops that do not touch any
site on the left boundary). Once again the sum is over loops that do not touch the
boundary at both even and odd sites. We can rewrite the foregoing expression as

Alt aie (" 2\
Zioop = Y_ 29102 <no> (no> . (3.65)

loops

We can in fact use the blob algebra from section to study these boundary condi-
tions, but as we will see below, the transfer matrix is now a new function of blob algebra
generators. We have y; = Q1/4/Q, which we parameterise as

_ @ _sin(rt+ 1y (3.66)

u VQ sin 7y

while

Q— @1 sin(r — 1)y
= = —yy=——""7 3.67
Y2 JO \/@ Y1 sinry ( )
where we recall that we have ng = \/QQ = 2cos~y. The transfer matrix T is written in
terms of blob algebra generators:
T =tita, (3.68)

where
t1 = b(el)(x + 63)(.1‘ + 65) cee ($ + €2L—1)(1 + xeg)(l + ZC€4) cee (1 + .%'62[,_2) (3.69)

to=(1-0b)(e1)(z+e3)(x+es) - (x+ear—1)(1+xez)(1+zeq) - (14+zear_2) (3.70)

We stress that the new boundary condition—which we shall call “alt” in the following—is
for the time being imposed on only one side of the system. Note also that under r — —r,
y1 and y9 are swapped, which corresponds simply to swapping the odd and even sites
(or odd and even loops), and does not change any of the properties of the system. In
what follows, we can therefore assume without loss of generality that » > 0. We can
furthermore define the operator u = 1 — b such that b, u are orthogonal projectors:

=0

2 _

e (3.71)
bu=ub=0

b+u=1

and we can rewrite eq. (3.70]) as

to =uler)(x +es)(x+es) - (r+ear—1)(1+xe2)(1+xeq) - (1+zear—2). (3.72)
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Figure 3.27: The “alternating loop model”: The “blobs" correspond to the operator b
and the squares correspond to the operator u =1 — b.
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Figure 3.28: The critical exponent A, 5 ; from equation 1) plotted vs k, using the
values r = 2.5 and j = 0. It can be seen that the finite-size values for the critical
exponents converge (slowly) to the exact value.
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Figure 3.29: The criti-
cal exponent A, 5 ; from
equation plotted vs
k, using the values r = 2.1
and j7 = 1 in the blob sec-
tor.
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Figure 3.30: The criti-
cal exponent A, 5 ; from

equation (3.79) plotted vs

k, using the values r = 2.1
and 7 = 1 in the unblob
sector.

We shall represent the operator u as a square; closed loops with a square then get the
modified Boltzmann weight y2. A configuration of the alternating loop model is shown
in Figure|3.2

Since we are dealing with a transfer matrix that is written entirely in terms of blob
algebra generators, we should once again consider the blob algebra representation spaces
from section and in particular from Figure Numerical studies, and the use
of equations (3.33]) and ([3.35]), show that the alt transfer matrix produces the following
generating functions:

TlrW;qLO*C/24 = Ay (3.73)

Tryyuq (3.74)

where r parameterises the blob parameter according to equations (3.66|) and (3.67)). The
quantities A, ; entering equations (3.73))—(3.74]) are defined as

1 (r+2)? _ (r—1)?
ik 4(k—2) Sj ,

)\7’,’ = —59
7 n(g)?

where S; was defined in and 1(q) = ¢"/?* T[>, (1—¢") is Dedekind’s eta function.
See table for some explicit numerical results. Note that the result follows
from , since r — k — r exchanges y; and yo (using also periodicity of yi, y2 under
r — r+k), while exchanging y; and y, obviously also exchanges the roles of b and u. The
quantities A, ; are formally identical with the discrete characters of the Euclidean Black
Hole theory defined in equation (3.57)) when we use the correspondences in equation

(3.60)), which in the present notation corresponds to:

(3.75)

r=m-+1
. (3.76)
l=r—1+2j
and hence ,
J ==
2 (3.77)
M=j

55
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The correspondences in (3.77]) ensure that the observed character on the lattice matches
the discrete character in (3.57)). In particular, we have:

Arj = A%,M (3.78)
Assuming M > 0, we then have that the leading exponent is given by:

(r=142)(r+142) _ (r=1)
Ar/27j = -
4k 4(k —2)
which can be matched with the parafermion exponents A" defined in equation (3.50))
using (3.76)).

(3.79)

Note that since we deal with systems of even length, j is integer and thus so is M.
Of course the parameter 7 in the lattice model does not have to be integer; but since
2J € N, it is only this case that lends itself to an interpretation in terms of discrete
representations. Note, however, that even when r is an integer, k — r is not an integer
for k generic. The generating function in the unblobbed sector can nevertheless be
interpreted in terms of SL(2,R) as well. Indeed, for M < —1, the discrete characters
are usually expressed slightly differently: [70]. E|

u=lmp? (I-1/0)?
Moy =n(a)2q g w2 gMS)y, for M < —1, (3.80)
and we find correspondingly
r
J = =
2 )
M = _jv
Moorj = Nas- (3.81)

which should be compared with (3.77)).

In Table[3.I]we compare the generating functions of the alternating loop model observed
on the lattice with the quantites defined in equations and . In Figures
and we plot the critical exponent as a function of k, and three different spin
sectors: 7 =0, 7 = 1 in the blob sector, and j = 1 in the unblob sector.

Since M = +j depending on the sector, we see that all allowed values of M in the
discrete characters are observed in the lattice model. We will discuss the values of J in
section Note that the characters K from section [3.3| can also be expressed in terms
of discrete characters. We find indeed the simple identities

ngy—%Jﬁ. (3.82)

L
2 2

It is interesting to consider the limit » — 1. In the ferromagnetic case, the “usual”
blobbed boundary conditions reduced to free boundary conditions in this limit, since
both bulk and boundary loops are given the same Boltzmann weights in this case.
However, we note that with the alt boundary conditions there is no way to go from
them to free boundary conditions in the antiferromagnetic model by sending » — 1. It
turns out that sending r — 1 leads to a complete change of thermodynamic properties,
and is connected with normalisability issues we discuss in section [3.5]

3For comparison with [70] we have /\”le w=xt J,M+J- In other words, the labels 7,1 in this reference
are given by j = —-J, Il = M.
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k Sector r Exponent | Generating function
4515=0 2 | 0.0667 1+q+3¢*+6¢°+...
4.5 | j =1 blob 2 10.733 1+2¢+4¢>+8¢° + ...
45| j=1unblob | 2 [0.844 1+2q+4¢° +8¢° + ...
4.5 j=2unblob | 2 | 2.067 1+2g+5¢* + ...

45 | j =2 blob 2 | 1.844 1+2g+5¢°+ ...
51|j=0 2.2 | 0.0664 1+q+3¢>+6¢° + ...
5.1 | j =1 blob 2.2 [ 0.655 1+2g+4¢%+8¢° + ...
5.1 [ j =1 unblob | 2.2 | 0.837 1+2q+4¢%+8¢° + ...
5.1 | j =2 unblob | 2.2 | 2.066 1+2g+5¢% + ...

5.1 | j =2 blob 2.2 [ 1.635 1+2q+5¢*+ ...

Table 3.1: Some examples of the generating functions and critical exponents observed
numerically on the lattice for two different values of k and r, in both the blobbed and
the unblobbed sectors. The generating functions are written to the order to which
they can be clearly observed on the lattice by diagonalising the transfer matrix for
the alternating loop model. Up to this order they agree with the generating functions

defined in egs. f.

3.4.2 The alt boundary conditions in the RSOS model

We saw in section that the blobbed boundary conditions, described by the transfer
matrix in equation , produced the generating functions of Verma modules in the
continuum limit (see equations (3.40) and (3.41))). Furthermore, it was found that by
going to the RSOS representation of the model, or equivalently, by constructing an ir-
reducible representation of the blob algebra using equation and Figure one
could derive the generating function of CFT minimal models in terms of the generating
function of the Verma module. The key takeaway was that all of the properties of the
representation theory of the CFT module could be observed on the finite lattice via the
representation theory of the blob algebra.

In the AF model we have a new “alt" boundary condition that can also be described
by the blob algebra. We can therefore perform the same analysis as the ferromagnetic
model and derive an analogous expression to equation for the AF model, this time
relating the generating function obtained from the “alt version” of the RSOS model to
the discrete characters in equation , the generating function obtained from the alt
boundary conditions in the loop model.

The discussion in section provides us with a hint as to what this new identity
should look like, and what should be the generating function obtained from the alt
boundary conditions in the RSOS model. First of all consider the form of the leading
critical exponent (equation ) with free boundary conditions in the sector with
[ = 2j through lines, and the expression in showing that these exponents are a
subset of the compact parafermion theory. Furthermore, the discussion from equation
to equation showed that all of the parafermion critical exponents were
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“contained" inside the Euclidean Black Hole discrete character when this theory was
considered as one with central charge cpp. All of this suggests that we should be able
to obtain all of these parafermion critical exponents via the alt boundary conditions in
the RSOS model, and that we should be able to recover the string functions ¢;" defined
in equation from the RSOS model also. Section will present the relevant
results and discuss this in more detail.

3.4.3 Missing string functions and alt boundary conditions

Consider the expressions in equations . Since the generating functions of the loop
model on the RHS are obtained by acting with a transfer matrix written in terms of
blob algebra generators, we can obtain the corresponding generating function of the
RSOS model for k£ and r integer by finding the corresponding irreducible representation
of the blob algebra, exactly as in section [3:2] For clarity, the form of the irreducible
representation of the blob algebra is written again here:

T?j -

; éé Wi onk/ Wit (3.83)
n=0 Wll;—j—r+nk/W]:;L_j+nk

The corresponding generating function of levels for the alt boundary conditions is then

S
Lo—c/24 _ _ _
TrXTl’,jq - E : )\m—Q—l,—lE’" +nk )\k—m—l,HT;"LZ +nk )\m-i—l,i%*lgm*z—i—nk + )\k—m—l,L*sz +nk
n=0
9
§ : d d
- — |:)\7né|»17l72'm+pk, - )\7n2+17_l+7;+2+pki| (384)

where we have used the correspondences in equation (3.77)). One can verify that this is
precisely the form of the string functions ¢;*. That is:

Tropo g0t = ¢ for m <1 (3.85)
J

with the correspondence . As the notation indicates, this expression coincides
with the string function for the Zi_5 parafermion theory E| Note that since j is integer, [
and m have the same parity, as required. Note also that the string functions ¢, ™ = ¢}*
are invariant under m — —m.

We can now study the range of values of the parameters. For q = ¢'"/*_ the simplest
case is r = 1, for which we have to consider in fact only the TL algebra. The possible
values of j are given by j = O,...,g —1,s0

1=2j=0,....,k—2. (3.86)
For r =2,...k — 2, we see first, from m = r — 1, that
m=1,....,k—3. (3.87)

As far as [ is concerned, we have to invoke the representation theory of the blob algebra.

For a given value of r, we have now the allowed values of j in the blobbed sector,

7=0,..., "’_%_T, which correspond to

l=r—14+2=m,....k—2 (3.88)

4Sometimes string functions are defined with an extra factor 7(q), so what we denote ¢ is referred
to as n(q)e™.
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Figure 3.31: Alternating boundary conditions in the antiferromagnetic RSOS model.
We will write this boundary condition as b*,. .., a.

To get the missing values of [ we need to consider the unblobbed sector. We have first

the equivalent of ([3.83))
x W;L—Q—nk/w'}f—j—i-nk

X =D

b b
n=0 karJerrnk:/kaj«#nk

=cy. g, form<I. (3.89)

Indeed, straightforward calculation first leads to an identity similar to (3.85) but with
cijgjr;’iQm, following from the transformation r — k& — r. Using a standard identity for
string functions ¢ = cllj:g:;” in Zy_o theories [74], gives instead the string function

¢y, ;- For the unblobbed sector, the allowed values of j are j = 0,..., %, sol =
r—142j=r—1,...,2(r —1) = m,...,2m. It follows that 2m — 1 = 0,...m,
recovering what was missing in (3.88)) to cover the whole setE]

[1=0,...,k—2 (3.90)

as in (3.86). Equations (3.84)) and (3.85) tell us that the alt boundary conditions in the

AF Potts RSOS model should produce the string functions ¢;* in the continuum limit.
We now describe what precisely “alt” means for the RSOS model.

Consider the RSOS boundary conditions on the lattice in Figure Heights are
fixed to hyy1 = a on the right boundary, to h; = b on the left boundary, and heights ho
next to the left boundary alternate between b+ 1 as shown. We will write this boundary
condition as b*, ..., a. It is found that the boundary condition:

(m+1)*, .., (+1) (3.91)

produces the string function ¢} in the continuum limit (m # 0). Similarly, we will write
17,...,(I+1) to denote the boundary condition in Figure i.e., with a constant,
non-alternating value of ho—that produces the string function c?ﬂ Using this notation,

SNote that | = m is common to both sets, since it corresponds to j = 0 for which there is no
distinction between blobbed and unblobbed.

5Note that since heights are restricted to be between 1 and k — 1 we cannot have an “alt” condition
on a boundary where the boundary height is fixed as hy = 1. The superscript in 17, ... is actually
redundant, since ha = 2 then follows from the RSOS constraint alone.
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Boundary condition | Exponent | Generating function

1+,..,1 0 ="+ P28+ )

1+,...3 1 50 =" 2 (1+2¢+ 32 +5¢° +...)
1t,...,5 1 clm40 A+ q+32+34+..)
2t .2 =+ =" (1 g+ 23 48+ )
2F .4 2 c;"31 (1 +20+32+5¢4 +..)
3t 3 clm02 I+ q+2¢+343+..)
3%,....3 + St =q" 5(1+q+3¢2+44+..)
3.5 % c}"42 A +q+2¢2+34+..)
4% .2 = P =" (1429 +3¢2 +5¢° +...)
4% 4 =+ P =" (1 g 2348+

Table 3.2: String functions in the k¥ = 6 antiferromagnetic RSOS model. The string
functions are expanded up to the terms we can clearly observe on the lattice.

Table [3.2] shows the exact correspondence between string functions and RSOS boundary
conditions for the case k = 6. The generating functions (i.e., the string functions) are
written up to the number of terms that we have observed by the numerical study of the
lattice model.

3.5 Normalisability issues

The inequality % < J < %, where 2J € N, for normalisable states in the CFT
suggests that the identification of the generating function of levels in the lattice model
with discrete characters must break down at some point for r < 1 or r > k — 1. Where
exactly it breaks down is not so clear, since 2J in the CFT is necessarily integer while our
variable r is continuous. We find in fact that the identification breaks down for r < r,
where 1 < r. < 2 is some critical value of r dependent on k. The same phenomenon
must then happen for r > k — r., because of the r — k — r symmetry.

We find numerically that the analytical continuation of the levels contributing to
the discrete character within the interval [r., k —r.] correspond, outside this interval, to
highly excited states. In other words, there are numerous level crossings at r. and k—r.
Outside this interval, the true ground state of the theory does not follow analytically
from the ground state within the interval. This is related to the behaviour of the

boundary energy in equation (3.33]) as will now be discussed.

Recall that to calculate the leading critical exponent from the finite-size scaling of
the lattice model we use eq. (3.33)), while to find the descendant states within a given
sector we use eq. . It is found, however, that there are in fact two different types
of states in the spectrum, with two different boundary free energies f; in eq. . We
can see from that only states with the lower value of f; will contribute to the
low-energy spectrum in the thermodynamic limit. The values of these two boundary
free energies, f! and f2, however depend on r, and it is found that there exists a critical
value 1 < 7. < 2 such that they cross. Accordingly, when r < r. (or r > k — r.) the
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Figure 3.32: The two Figure 3.33: The two

boundary energies f! and
f2 plotted vs r, for k =

boundary energies f! and
f2 plotted vs 7, for k =

5 in the 7 = 0 sector. 7 in the 7 = 0 sector.

The critical values of 7.
are the points of intersec-

tion of the two curves. tion of the two curves.

low-energy part of the spectrum in the thermodynamic limit is no longer described by
the generating functions in .

We can see this phenomenon illustrated quite clearly in Figures When the
green line is below the purple line, the r € [r¢, k — r ] regime, the spectrum is described
by equation (3.73). When the green line is above the purple line, the r ¢ [rc,k — 7]
regime, the states corresponding to the green line no longer affect the low-energy part
of the spectrum in the thermodynamic limit.

Certainly the states whose boundary energy is the continuation of the boundary
energy within the interval do not contribute, outside the interval, to partition functions
in the scaling limit. This is because the BCF'T is obtained after subtracting the non-
universal ground state energy fs associated with a given boundary conditionﬂ states
with a higher ground-state energy are exponentially suppressed as e~ %(f <=1<) in the par-
tition function. It is not clear what these states possibly encode from a field theoretic
point of view—that is, how the low-lying excitations above the “wrong” ground state
might scale. We are not sure in particular whether or not we would find the continua-
tion of the generating functions observed for r € [r¢, k—r.]. It seems nevertheless worth
pointing out that there is a known case [75] of a bulk model possessing a continuous pa-
rameter, which can be adjusted so as to make two different bulk free energies cross; and
on either side of this transition both the true ground state and the “wrong” ground state
obtained by analytic continuation from the other side of the transition—each together
with their low-energy excitations—behave as two different fully-fledged conformal field
theories. We do not wish to rule out that the present model might provide a boundary
analogue of this scenario.

Note that in Figures we see the same crossing phenomenon occurring when

"It is important to recall here that fs does in general depend on the boundary condition (while it is
always set equal to zero in the BCFT). The point is that, in this particular case, we have two families
of states, with the same boundary conditions, and with different values of fs.

The critical values of 7.
are the points of intersec-
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there are defect lines present in the system. In particular, Figures [3:343.35| illustrate
this for j = 3. This is the scenario that we would expect from the connection between
level-crossing and normalisability; the inequality % < J < % with 2J € N—recall
the associations made in —for normalisable states suggests that the breakdown of
the correspondence between the continuum limit of the lattice model and the discrete
character is independent of j and therefore should also occur for j # 0. Figures

[3.35 show that this indeed the case.

3.5.1 A first-order boundary phase transition

The level crossing observed at r. and k —r. can be interpreted as a first-order boundary
phase transition, since it corresponds to a discontinuity of the derivative of the boundary
free energy. Defining f; = —% where M is the number of sites in the vertical direction
of the lattice and Z is the partition function defined in , an easy calculation shows

that

Ofs _ vsiny (1) 3 (£2)
or M sin(ry) [sin((r +1)y) sin((r —1)y)] "’

(3.92)

where (/1) and (f2) are the expectation values of the number of contractible blobbed
and contractible unblobbed loops respectively. We believe that, as we cross the critical
value 7. (or k — r.), we go from a situation where the ground state is dominated by
entropic considerations and (f3) is finite to a situation where the ground state is domi-
nated by energy considerations and ¢, is zero in the ground state.
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3.6 Combining alt boundary conditions in the loop model

We now wish to consider the case where alt boundary conditions are imposed on both
sides of the strip. The general situation is characterised by more parameters than
previously. The parametrisation of the alternatingly restricted number of Potts
states on the boundary has to be made independently for both boundaries. Instead of
r, we thus have ry for the left boundary and ry for the right boundary. The algebraic
framework must be extended, so as to have blob and unblob operators—denoted by, by
and uq = 1—b1, ug = 1—>bs respectively—for each side. The proper algebraic framework
for this situation is called the two-boundary Temperley-Lieb (2BTL) algebra |76, 56, [77].
We need to be careful with 25 > 0 through-lines, since in this case we need to define four
different sectors—denoted bb, ub, bu and uu—where the left (resp. right) label specifies
whether the leftmost (resp. rightmost) through-line carries the blob or unblob operator,
by or uy (resp. by or ug).

Note that even though the lattice model allows continuous values of r1 and 79, the
discrete character in equation (3.80) (which played the role of the generating function
when “alt” was imposed on only one side of the system) is only defined for 2J € N.
From the correspondences in and we have then that r € N also. As we
shall now see, the discrete character also arises when “alt" is placed on both sides. We
hence consider only the case r; and ro integer. Note that when j = 0 the lattice model
is more subtle since loops can touch both boundaries. In what follows we instead focus
only on 5 > 0.

Interestingly, in this framework there are two distinct ways to implement alt bound-
ary conditions on both sides of the system. In Figure [3:36] the blob operator on both the
left and right boundaries acts on odd-numbered rows, while the unblob operator acts
on even-numbered rows on both boundaries. We call this setup “correlated boundary
conditions”. The alternative to this is shown in Figure [3.37] Here the blob operator acts
on odd rows on the left, and on even rows on the right (and vice versa for the unblob
operators). We call this setup “anti-correlated boundary conditions”. In order to make
sense of the continuum limit in terms of conformal field theory, we must consider cor-
related boundary conditions when the width of the lattice L is even and anti-correlated
boundary conditions when L is odd, or anti-correlated boundary conditions when the
width of the lattice L is even and correlated boundary conditions when the width of the
lattice L is odd. (Note that in Figures our conventions are such that L = 4).

These two ways of implementing the alt boundary conditions on both sides give
rise to two different generating functions in the continuum limit. The continuum limit
must include the two generating functions found, as we have explained, by treating
seperately the correlated and anti-correlated boundary conditions. Redefining now r =
min(ry, 7"2)E| extensive numerical studies lead to the following conjectures in the case

8That is, r here has a different meaning than in the one-boundary case.



56 CHAPTER 3. THE POTTS MODEL

Figure 3.37: Alt on both sides: anti-correlated boundary conditions in the bu sector
with 7 = 1.

r1,79 integer and j # 0:

o0

Trwj’?b = Z )‘7’1+7”2—1—2n7‘,j+n7‘ + )\|r277‘1|+172nr,j+(n+l)r71 ) (393>
n=0
o0

TrW;%b = Z )‘—T‘1+T2—1—27L7",j+717' + )‘—7‘1+r2+1—2r(n+1),j+(n+1)r—1 ) (394)
’ n=0
oo

Trw]bu = z >\r17r27172m",j+m" + )‘7‘1—7’2+1—27‘(n+1),j+(n+1)7”—1 ) (395)
n=0
00

TTW]?W = Z )\71”17T271*2n7“7j+n’f‘ + )\—’I“l—T2+1—2T(?”L+1),j+(n+1)7'—1 : (3'96)

n=0
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Figure 3.38: Alternating boundary conditions on both sides. We will write this bound-
ary condition b*, ..., *a and refer to it as “correlated” boundary conditions.

3.7 Combining alt boundary conditions in the RSOS model

We have found that the continuum limit of the AF Potts RSOS model coincides with
that of the Zp_ 5 parafermion theory and we have found an “alt” boundary condition
corresponding to each of the string functions in these models. This prescription, how-
ever, was restricted to the case where the alt boundary condition is on one side only
with the other side having free boundary conditions. We would expect that putting
the alt boundary conditions on both sides of the lattice would correspond to the fusion
of fields in the Zj_o parafermion theory. As will be shown below from our numerical
results, this is indeed the case.

We can however recover this result from knowledge of the generating functions pro-
duced in the continuum limit of the loop model with the alt conditions on both sides;
see eqs. 7. Section used the representation theory of the blob algebra
to move between the AF loop model and the AF RSOS model (similarly, section
used the same procedure to move between the two ferromagnetic models). It was found
that the generating function of the irreducible representation of the blob algebra created
by the infinite sum in equation produced the RSOS representation. We can use
the same method for the case with the alt condition on both sides, i.e., when there are
two blob operators, to calculate the generating functions in the RSOS model produced
by putting the alt condition on both sides. The relevant algebra in this case is the
two-boundary Temperley-Lieb (2BTL) algebra [76, [56, [77].

Section will present the numerical results of the RSOS model with the alter-
nating boundary condition on both sides. These results will be interpreted in terms
of the fusion of fields in the Z;_o parafermion theory. Section will recover these
results by studying the representation theory of the 2BTL algebra.

3.7.1 Numerics

As was the case in the loop model (see section there are two ways to put the alt
boundary condition on both sides and these two ways will give two different continuum
limits. Consider the boundary conditions in Figures and [3.39] The heights at the
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Figure 3.39: Alternating boundary conditions on both sides. We will write this bound-
ary condition b*, ..., Fa and refer to it as “anti-correlated” boundary conditions.

boundaries are fixed to the same, constant values in the two Figures, namely h; = b on
the left boundary and hnxy1 = a on the right boundary. However, in Figure the
lattice sites with heights hy = a —1 just next to the right boundary appear on the same
rows as lattice sites with heights ho = b — 1 just next the left boundary. Conversely, in
Figure the heights a — 1 appear on the same row as b+ 1. We will refer to these
two situations as “correlated” and “anticorrelated” (alternating) boundary conditions
respectively.

We will write a generic correlated boundary condition as b*, ..., *a and a generic
anti-correlated boundary condition as b*,...,Fa. We find that one can obtain two
different conformally invariant continuum limits from these boundary conditions. In
the first case, we must consider correlated boundary conditions when the width of the
lattice L is even and anti-correlated boundary conditions when the width L is odd. The
second case works the other way around: we take anti-correlated boundary conditions
for L even and correlated boundary conditions for L odd. (Note that in our conventions
N = 2L = 6 in Figures and . The two different choices correspond to two
different continuum limits. The string functions obtained from this prescription for the
case k = 6 are shown in Table The boundary conditions reported in the table are
the boundary conditions we take for L even. The number of terms we have written
in the expansion of the string function correspond to the number of terms that we
can clearly observe on the lattice. We have the general result that for the correlated
boundary condition:

+

(my 4+ 1D)F.. F(mg+1) (3.97)

in even sizes (and hence anti-correlated in odd sizes) the continuum limit is given by

the string function cg“J“m?. Similarly, the anti-correlated boundary condition

(my 4+ DE.F(mg + 1) (3.98)

in even sizes (and hence correlated in odd sizes) gives the string function c¢{
Compare this with the parafermion fusion rules [74] for fields of the form ¢}” :

(ZSZZI() X ¢;120 = ¢£10+m2 (3.99)
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Boundary condition | Exponent | Generating function
o .12 3 o =" 2 (1 +q+2¢> +3¢%..)
2t T2 0 sl =q"" 31 (14 ¢ + 2¢°...)
3%,.., =3 1 ot =" (1 + g+ 342 + 3¢
3%,...73 0 0 =" (1 + P +245.)
oF .. F4 1 5t =¢"3 (1 +q+3¢ +3¢°..)
2t .. T4 % a5 2 gh- 2L4(1—|—q+2q2+3q3...)
4% F4 3 st =q" 3 (1+q+2¢%+3¢4...)
4F,.F4 0 0 =q" (1 + 2+ 245

Table 3.3: String functions in the &k = 6 antiferromagnetic RSOS model with the al-
ternating boundary condition on both sides. Note that the boundary condition written
in the table corresponds to the boundary condition when L is even. When the left
and right boundary conditions are “correlated” for L even then we take “anticorrelated”
boundary conditions for L odd, and vice versa. The string functions are expanded up
to the terms we can clearly observe on the lattice.

Clearly then, the boundary condition for L even in (3.97)) corresponds to the fusion of
the fields in equation (3.99)) and the boundary condition in (3.98]) for L even corresponds
to the fusion of the fields

¢p" X ¢p "t = ggt T (3.100)

Finally, let us notice that when we put correlated and anti-correlated boundary
conditions together on the same lattice (i.e., we sum the correlated and anti-correlated
configurations) we will clearly get the sum of the two string functions in the continuum
limit cm1+m2 + ¢y 7", We can interpret this as the result of the fusion product:

1 mi —m1 1 mo —mo
ﬁ(@:o +¢=p') % E(d’l:o + ¢20°) (3.101)

3.7.2 2BTL representation theory

The representation theory of the 2BTL algebra [76, [56] [77] was further studied from a
conformal perspective in [63]. As was discussed in section when there is a blob on
both sides of the system there are four sectors to consider, labelled by bb, ub, bu and
uu. It was found in [63] that (when q = e'™/* is a primitive root of unity) the following
infinite sum corresponds to the generating function of an irreducible representation:

bb __
X Z W j+nik — Z W —(r1+r2)+1—j4+nik Z W +ri4nik T Z Wk (re—1)—j+nik

n1=0 n1=0 n1=0 n1=0
- Wj+r2+n1k + W —(ri1—=1)—j+mik + ri+ro+j+nik WkJrl —j+nik *
n1=0 n1=0 n1=0 n1=0

(3.102)
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We find results in agreement with equation , but we also find that the diagram
of inclusions from which this infinite sum can be derived requires modification, i.e.,
the known 2BTL inclusion diagram does not in fact lead to equation as was
previously thought [63]. When we impose 71 +r2 —1+2j <k —1 and j > 0 we find
that the inclusion diagram should instead be given by Figure [3.40] The only difference
here to the diagram published in [63] is that we do not have an arrow from W2 3, to

bb
Wk*(?’1+7"271)7j .

ub ub
er.:,.j% Wy (7"1% Wk—&-rlf

bbs—— bb
Wj ka(r1+r271

by <—— bu
whe, s Wb whu £ ST
\ y
WT1+T2+] Wk+1 —J Wk+m+¢"2+]

Figure 3.40: The corrected 2BTL inclusion diagram, replacing the one published in [63].
The repeated part of the diagram is such that all standard modules beyond those in the
first three columns each have three out-going arrows.

We will use the expressions in eqs. ()1} to calculate X;’b, and we will show that
the resulting generating function is that corresponding to the fusion of parafermion

fields. We have from expressions (3.93)) to (3.96):

W]+n1k — E )‘7"1+T2*1*27127“7j+n27“+n1k + )‘\7"2—7“1|+1—2n2r,j+(n2+1)r—1+n1k (3103)
no=0

Wk (ri4re)+1—j+nik - § :)‘m+r27172n27“,k7(r1+r2)+17j+n2r+n1k+/\\r277"1|+172n2r,k7(r1+r2)fj+(nz+1)r+n1k
n2=0
(3.104)

0o
ub
Wj—l—m—i—nlk — E )\77’1+7‘27172n2r,j+7‘1+n27"+n1k + )‘77“1+r2+172r(n2+1),j+r1+(n2+1)r71+n1k

no=0

(3.105)

Wk (ro—1)— j+n1k_> E )‘fr1+r27172n2r,k7(r27l)7j+n2r+n1k+A77"1+r2+1727"(n2+1),k71“2fj+(n2+1)r+n1k
no=0

(3.106)

bu
Wj+r2+n1k — E )‘rl7T27172n2r,j+r2+ngr+n1k + )‘7”1—T2+1—2r(n2+1),j+r2+(n2+1)r—1+n1k‘
no=0
(3.107)

0o
bu
Wk—(rl—l)—j—i-nlk — Z )‘7“1—r2—1—2n2r,k—(7"1—1)—j+n2r+n1k+)‘rl—r2+1—2r(n2+1),k—r1—j+(n2+1)r+n1k

no=0

(3.108)
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o

uu — A ; +A j
ri+ra+j+nik —r1—r2—1=2no7,j+r1+ro+ner+nik T A—r;—ro+1-2r(n2+1),j+r1+re+(ne+1)r—1+nik
no=0

(3.109)

o0

Wk+1—j+n1k - )‘77‘177“27172n27’,k+17j+n2r+n1k + Afn —ro+1-2r(n2+1),k—j+(ne+1)r+nik
no=0

(3.110)

We will consider for now the case 11 < 19, so that we have r = r1. After taking the sum
oo

>~ of the expression in (3.103)), we can write it as:
n1=0

o

Z )‘T1+7’2—17j+n1k + )‘—T1+7’2+17j+7"1—1+n1k
n1=0
oo o
+ Z Z /\*T1+T‘2*1*2n27‘1,j+1“1+n27‘1+n1k + /\—r1+r2+1—2(n2+1)7"1,j+r1+(n2+1)r1—1+n1k7
n1=0n9=0
(3.111)
where we see that the second term cancels the expression in eq. (3.105)) entirely. Simi-

larly, applying the same sum to the expression in (3.104]) gives:

[e.e]
Z >\T1+7’2—1,k‘—(7‘1+7’2)+1—j+n1/€ + )‘—T‘l-‘r’l‘g-i-l,k:—?“z—j-f—nlk‘
n1=0
o o0
+ Z Z )\7T1+T27172TLQT1,k*(T271)7j+n1k+’n21”1 + A77"1<|>’l“24»].72(712+1)1”1,k*?"g*j#»ﬂd]{:4»(71,24»].)7‘1 )
n1=0n2=0
(3.112)
where the second term now cancels the expression in (3.106)) entirely. In a similar way,
we can make the same cancellations for the terms in (3.107) and (3.109) as well as

(3.108]) and (3.110). In the end, we are left with the terms:

oo oo
bb
Xj = E /\r1+r271,j+n1k_ § /\k7r17r2+1,j+r1+r271+n1k

n1=0 n1=0
0o oo
- § )\r1+r2—1,k—r1—r2+1—j+n1k + § )\k—rl—rg—i—l,k—j—i—nlk
n1=0 n1=0
- N (3.113)
+ E /\*7"1+T2+1,j+1”1*1+n1/€ - E )\k+r17r271,j+r2+n1k
n1=0 nl=0

o0 o
- E >\—T1+T2+1,k—7‘2—j+n1k + E >\k+7‘1—7"2—1,k—7’1+1—j+n1k
n1=0 nl=0

where we have dealt with the negative values of r in A, ; by defining » modulo k. We
further have the relationship
2j=k—ry—m (3.114)

when we want the loop model parameters to correspond to the RSOS model. Using

equations (3.85)) and (3.42)), equation (3.113]) then becomes

X = T (8-115)

which, after using the identities 11 = m1 4+ 1 and r9 = mo + 1, yields

X = s e, (3.116)
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But using the string function identities ¢/* = ¢, and cﬁi%i}n = ¢/, we can rewrite
this as
Xbb — Jm=mi—ma +Cm:k72fm17m2 (3 117)
7 T Tl=k-2 1=0 ) .

which, when we compare with eq. (3.101]), is nothing but the fusion product
1
V2

In summary, then, we have recovered the numerical results found in section
from studying the representation theory of the 2BTL algebra.

(9120 + &1 ") X \}5(¢f_02_m2 + g kmey (3.118)

3.8 Special cases: the two and three state Potts model

It is interesting to consider the results presented so far when we specialise to the well
studied cases of @ = 2 (the Ising model) and Q = 3. At these two points we can
consider the Potts model in its original formulation in equations and , where
the partition function is written as a sum over configurations of Potts “spins”. In section
the alt boundary conditions will be interpreted in the language of Potts spins and
the concepts of “correlated” and “anti-correlated” boundary conditions introduced in
section [3.6] will be presented in the language of the @ = 3 state Potts model. The
CFT describing the continuum limit of the model at @ = 3 will be reviewed and some
known identities relating the string functions observed in section [3.4.2] to the generating
function of a compactified free boson will be recalled. These identities will then be
derived in section [3.8:2] from our lattice results; it will be shown that the @ = 3 AF
Potts model maps exactly to the well studied six vertex model, then by using the
known results pertaining to the continuum limit of the six vertex model we can write
the generating function of the Potts model in terms of the six vertex model. These
lattice identities become, in the continuum limit, the field theory identities relating the
Z4 parafermionic theory to the compactified free boson.

3.8.1 The alt boundary conditions in terms of Potts spins

It is well known that the ferromagnetic Q = 2 state Potts model (i.e. the Ising model)
is equivalent to an antiferromagnetic one in the bulk. Indeed, the mapping between
these models is easily obtained by switching the sign of the couplings and flipping the
spins on one sublattice at the same time. Consider the antiferromagnetic critical line:

K=-1+4-0Q. (3.119)

Under the transformation K — — K, equation (3.119)) transforms in the following way
when Q) = 2:
K =14+ V2oe =142 (3.120)

which gives:

K =142 (3.121)

which we observe corresponds to the ferromagnetic critical line from equation (3.31]).
This mapping becomes more interesting in the presence of a boundary. While free
boundary conditions map onto free, fixed boundary conditions map onto alt boundary
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Figure 3.41: The Q-state Potts model on the square lattice. The spins live at all vertices.

When we specialise to the Ising model, i.e. Q = 4 cos?(

us

4

) = 2, the antiferromagnetic

critical point can be mapped to the ferromagnetic critical point by changing the coupling
constant K — —K and reversing the sign of the spins at the sites on the lattice with
unfilled circles. This maps the ferromagnetic model with free boundary conditions
to the antiferromagnetic model with free boundary conditions, and the ferromagnetic
model with fixed boundary conditions to the antiferromagnetic model with alternating

boundary conditions.
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conditions (that is, alternating + and — spins on the boundary for Q = 2), see Figure
[3:41] This suggests that the natural “equivalent” of fixed boundary conditions in the AF
case is alt. Coming now to the three-state critical AF Potts model, it is also well known
that it can be reformulated as a colouring problem (see the discussion in [32], for ex-
ample). We see from equation that setting () = 3 sends K — —oo. Considering
then the classical Potts Hamiltonian in equation , the only allowed configurations
of Potts spins are those where no two neighbouring spins can be identical. This is the
“colouring problem”; the partition function is given by the number of configurations
that allow () = 3 possible colours on each site, but no two neighbouring sites can have
the same colour.

Consider now the conformal boundary conditions for the antiferromagnetic model pre-
sented in section [3.3] We discussed two types: free boundary conditions and alt bound-
ary conditions. Free boundary conditions in the ) = 3 state Potts model correspond
to imposing no extra constraint on the boundary spins. With alt boundary conditions,
even boundary sites can take two particular values, and odd boundary sites are fixed
to the remaining value (or vice versa). In the language of the colouring problem, we
can fix for example all odd boundary sites to have the colour labelled by 2, and even
boundary sites can take either the colours 1 or 3; see Figures and We see
that this boundary condition automatically satisfies the colouring constraint that no
neighbouring sites can have the same colour.

Note however that just as in the RSOS and loop models, there are different ways to
implement the alt condition when it is applied to both the left and right boundaries at
the same time. Once we fix, for example, odd boundary sites on the left to take only one
colour (in Figure this colour is 2) we have a choice between fixing odd boundary
sites on the right to one specific colour or to allow odd boundary sites on the right to
take two colours. If we choose the former, (i.e. odd boundary sites on both the right
and left are fixed to take one colour) we refer to this as “correlated”. This is the case in
the right panel of Figure If we choose the inverse, i.e., we say that odd boundary
sites on the left are fixed to one specific colour but odd boundary sites on the right are
allowed to take two colours (and hence even sites on the right boundary are fixed to
the one remaining colour), we refer to this as “anti-correlated”. This is the case in the
left panel of Figure [3.42

But even after we have specified “correlated” or “anti-correlated” we still have an ad-
ditional choice in relation to which particular colours we choose. In Figure the
boundary site that is fixed to one particular value is equal to 2 on both sides. In Figure
however, this is not the case; we again have “anti-correlated” boundary conditions
in the left image and correlated boundary conditions in the right image, but the fixed
height on the left boundary is equal to 2 whereas on the right boundary the fixed height
is equal to 3. Since everything in the colouring problem is defined modulo 3, there are
only four independent cases, corresponding to those in Figures and We will
denote these four cases by by C=, C#, A= and A%; C and A refer to “correlated” and
“anti-correlated” respectively, while the = and # signs refer to the cases where the left
boundary colour that is fixed is equal (resp. not equal) to the right boundary colour

that is fixed. (See Figures and [3.43)).

As we saw in sections [3.7.1] and [3.6] when considering the RSOS and loop models re-
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Figure 3.42: Left panel: Anti-correlated boundary condition A= . Right panel: Corre-
lated boundary condition C'=.
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Figure 3.43: Left panel: Anti-correlated boundary condition A#. Right panel: Corre-
lated boundary condition C7.

spectively, making sense of the continuum limit of the alt condition on both sides of
the boundary requires much care. In particular one must consider the two different
scenarios:

1. Correlated boundary conditions when the lattice width L is even and anti-correlated
boundary conditions when the lattice width L is odd.

2. Anti-correlated boundary conditions when the lattice width L is even and corre-
lated boundary conditions when the lattice width L is odd.

(Note that in our notations L = 5 in Figures and . These two scenarios give
two different continuum limits. The results are shown in Table 3.4

The central charge for = 3 becomes simply car = 1, corresponding to a free
boson (see, e.g., [78]). It is well known that the AF Potts model at this point is in fact
equivalent to a compactified free boson, which is itself equivalent to the (diagonal) Z4
parafermionic theory. These identifications are encoded in the torus partition function

1 L(\/Bet )2 _1(\/Be— )2
Zg=3=—F~ = q* V3l gt V3 (3.122)
¢ n(q)n(q) z;
e€§
me3Z
and the identity [74] [79]
1
Zg=s = ZZ 2. (3.123)
m

The expansions of the string functions ¢;* worked out in [79] are repeated here. (Our
notations for ¢ however differ from [79] by a factor of 1/1(q)). Define the objects:



66 CHAPTER 3. THE POTTS MODEL

Boundary condition (for odd lattice size L) Generating function
Free/Free 0+
Alt/Free st +
Alt/Alt: C il + e
Alt/Alt: A= 2052
Alt/Alt: C cno
Alt/Alt: A s

Table 3.4: Boundary conditions and their continuum limits. As explained in the text
there are four independent “alt/alt” boundary conditions. The precise meaning of the
labels of these four types are explained in Figures [3.42] and [3.43] The boundary con-
ditions written above are those taken for L odd. See the main text for a discussion on
the relevance of the parity of L.

1 2
W=—=<3 (-1)"",
) &
1 1y2
W= 4 > (3.124)
€z
1 n
Yalg) == 3 @*F87 forn=0,1,2,3.
n(q) keZ
We then have:
Cl1=0 :§(Y0 + W) > Ci=0 :§Y3 > Cl=0 :§(YO - W) )
m=1 _1 m=3 _1 12
ot :§(W+ +Wo), P =§(W+ W), (3.125)
3’ =Ys, =Y.

3.8.2 Relationship to the six-vertex model

The relationship with the free boson corresponds, on the lattice, to the fact that the
critical AF three-state Potts model is equivalent to the six-vertex model [80]. The idea
is the following: pick any lattice site and choose a particular nearest neighbour. We
will orient ourselves such that we are facing the nearest neighbour of interest. If this
nearest neighbour has a colour with a label succeding (modulo 3) that of the site we
are standing at, we will draw a left-pointing arrow between the two lattice sitesﬂ If
on the contrary this nearest neighbour has a colour with a label preceding (modulo 3)
that of the site we are standing at, then we will assign a right-pointing arrow. There
is then a one-to-one mapping between allowed configurations in the colouring problem
and allowed configurations in the six-vertex model. See Figure [3.44] for an application
of this mapping.

9Note that left and right are well-defined because we have chosen to stand facing a particular
direction
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Figure 3.44: The partition function of the three-state Potts model is equal to that of
the six-vertex model, where the six vertices all have the same Boltzmann weight. Each
of the circles can take one of three colours (represented by 1,2 and 3) in any given
configuration, and no two nearest neighbours can have the same colour. Each configu-
ration of the three-state Potts model is mapped to the six vertex model. An example
of this mapping with alt boundary conditions on both the left and right boundary is
shown in the image on the left. Alt boundary conditions can be seen to correspond to
reflecting boundary conditions in the six-vertex model. An example of the mapping for
alt boundary conditions on the left boundary and free boundary conditions on the right
boundary is shown in the Figure on the right. With free boundary conditions there
is no constraint on arrows, as illustrated on the right boundary (in the Figure on the
right).

We can see then that the alternating boundary conditions in the Potts model translate
into “reflecting” boundary conditions in the six vertex model: arrows on the boundary
are divided into pairs as shown in Figure and each pair must include one left and
one right-pointing arrow, so any outgoing arrow is reflected back into the system. Free
boundary conditions for the AF Potts model correspond to free boundary conditions
for the six-vertex model, meaning that arrows can freely go into or emerge from the
boundary. Let us consider now the implications of this correspondence.

First recall that a vertex model can be described by a transfer matrix written as a
product of R-matrices as in equation and . Note however that equation
describes a periodic model whereas here we are interested in the open case. The
R-matrix that describes the six-vertex model can be written as a function of the “spectral
parameter” u which measures the anisotropy of the system, and is given by:

sinh(u + i) 0 0 0
B 0 sinh(u) sinh(iy) 0
R(u) = 0 sinh(i7y) sinh(u) 0 (3.126)
0 0 0 sinh(u + i)

(which is the same as that in [8I] when we relate the parameter n appearing in [81] to
the parameter v by 7 = iy). Since we are dealing with open boundary conditions, we
need a so-called K-matrix to take account of the Boltzmann weights of the vertices on
the boundary. K matrices will be discussed in more detail in chapter 4] in the context
of integrability. For now we can just see the K-matrix as a convenient tool to capture
the Boltzmann weights of the boundary vertices. As discussed above and illustrated in
Figure [3.:44] the alt boundary condition corresponds to “reflected” boundary conditions
in the six vertex model, with no extra Boltzmann weights needed. This corresponds
to a K-matrix equal to the identity on both the left and the right boundary. A set of
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K-matrices for the six vertex model have been previously discussed in [81], they are

K(u) = (Sinh(“f) 0 ) . (3.127)

given by:

0 —sinh(u — &)

The connection between an open transfer matrix and a corresponding open Hamiltonian
will be discussed in detail in chapter |4 but for now we will just state the result of [S1]
where it was shown that the Hamiltonian corresponding to the model with the K-

matrices in (3.127) is given by:

N-1
H=- Z( Joi +olod, —cosyoioi ) + sinh iy (o coth & + o coth €), (3.128)

n=1

which is the XXZ Hamiltonian with some extra boundary terms. We have that for the
three-state AF Potts model v = ”, and for the isotropic case that we are considering
u= ”T . Then setting the free parameter £ = & ensures that the K-matrix in
becomes proportional to the identity, hence correspondlng to the reflecting boundary
conditions of Figure With these values of the parameters the boundary term in
disappears and we are left with

N-1
1
H=- (0§07 + U?U?H + 5‘7;‘7;'“) . (3.129)
1

n

The continuum limit of this Hamiltonian has been studied in [82]; comparing this work
to our results in Table[3.4]allows us, as we will now show, to recover eqgs. (3.125). In [82]
it was found that the generating function of the spectrum of the Hamiltonian
(in the sector with spin S;) in the continuum limit is given by

952 5
q’= qs3
Z(S,) = = . (3.130
7 (e n(a) )
The second equality comes from the definition of g: we have ¢ = 1 — 2 and v =

™

%’r. Consider then the three-state AF Potts model with the boundary condition C=
(defined in Figure in odd sizes. From the relationship with the six-vertex model
(Figure we can see that this boundary condition corresponds to the spin sectors
S, =0,43,46,+49,... Then from we have that the generating function of the
boundary condition C'= should be given by

> Z( Z % (3.131)

S.€Z S E€Z

However, by comparing this to Table [3.4] we also have that the generating function
arising from the boundary condition C~ gives ¢’ 0—|—c =4 We can see from eqs. (3.125)
that this is indeed consistent and we have

Z P =Yy = P50+ gt (3.132)
S €7

Similarly, consider the the three-state AF Potts model with the boundary condition C#
(defined in Figure [3.43) in odd sizes. In this case the correspondence can be seen to
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Figure 3.45: Left panel: Anti-Correlated alt boundary conditions correspond to reflect-
ing boundary conditions in the six vertex model, but where the pairing of arrows on the
left and right boundary are anti-correlated. Right panel: The Hamiltonian/Transfer
Matrix that describes the vertex model acts on a chain with an extra spin that is de-
coupled from the rest of the system. This extra spin has the effect of adding + to the
total spin.

be with the six-vertex spin sectors: S, = ... —7,—4,—1,2,5,8,...... So according to
(3.130) we get for the generating function
1 1 2
L 1(3k—2)
NE , (3.133)
na) =

which when comparing with the result in table [3:4] for the generating function of this
boundary condition we find:

_ 1
=Yy = — Y s (3.134)
n(a) &

which is consistent with eqs. (3.125)). Egs. (3.125]) can therefore be seen as the continuum

version of the equivalence between the XXZ chain with free boundary conditions and
the three-state AF Potts model with alt boundary conditions.

By considering the two remaining alt/alt boundary conditions in table (i.e. A=
and A7) we can derive two more identities appearing in (3.125). They are

1 1
m=2 __ ~ _ - 3(k+1/2)
gt ==Yy = E q 3.135
=0T T 2n(g) = ( )
and
1 142
2 s Z 3(k+1)
Co = Y]_ = — q 6 . 3136
’ n(a) 1= (3130)

The two “anti-correlated” boundary conditions A= and A% correspond to half inte-
ger spin sectors of the XXZ chain. We can see this in two ways. The first way is to
recall that A= for L odd has the same continuum limit as C# for L even. We have seen
from the mapping from 3-state Potts to the XXZ chain that L even in the Potts model
corresponds to an XXZ chain of odd length, and hence necessarily with half integer spin.
In particular, one can see that A= produces the generating function associated with the
spin sectors S, = ...—%,—%,%,%..., and A7 to the sectors S, =...— £, -1 3 1L

We can recover the same result from a different point of view. We can see from Figure
[3:45] that the “anti-correlated” boundary conditions correspond to reflecting boundary
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Figure 3.46: The loop model with and odd number of strands. There must be at least
one defect line running through the system when N is odd. We have N =7 and j = %
in this example. An odd number of strands in the loop model corresponds to wired
boundary conditions on one boundary in the Potts model: in this Figure the wired
boundary conditions are imposed on the right boundary: all Potts spins on the right
boundary are identified, since they cannot be separated by any loop.

conditions in the vertex model but where the pairs of arrows on the left and right
boundaries are not correlated to occur on the same rows of the lattice. We see from
the right panel in Figure that this is equivalent to a situation where the Transfer
Matrix/Hamiltonian acts on a system with an extra spin that is decoupled from the
system. This extra spin contributes :I:% to the total spin of the system; we hence go
from a system with integer spin to a system with half integer spin.

3.9 0Odd number of sites and disorder operators

This chapter has so far presented results relating properties of the parafermion and
black hole conformal field theories to their underlying lattice models. Section
showed that all of the string functions of parafermion theory could be obtained from
the alt boundary conditions together with free boundary conditions. Section showed
that we could furthermore recover the fusion rules of the parafermionic conformal field
theory from the lattice results. There is another important object in the parafermionic
theory that we have not yet discussed in the context of these lattice studies; it was
argued in [83] that the parafermionic conformal field theory should admit a field that
is not accounted for by the string functions, so called C-disorder fields. We will find a
lattice interpretation for this field by turning to the RSOS representation with an odd
number of sites; this chapter has so far been restricted to spin chains where the number
of sites N = 2L was even.

The case N odd clearly requires a careful interpretation in terms of Potts spins.
The correct way to implement this in terms of the Potts model is to impose “wired”
boundary conditions on one side and free boundary conditions on the other. The idea
of wired boundary conditions is that all of the Potts spins on one side are contracted
to a single spin. This is illustrated in Figure [3.46]
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It is easier to describe wired boundary conditions in the loop and RSOS version of
the model. The transfer matrix now is given by:

T = (.le + 61) e (.CL‘ + €2L—1)(1 + .’Eeg) e (1 -+ $€2L) , (3.137)

where the e; are generators of the Temperley Lieb algebra in either the loop or the
RSOS representation. One can then study the corresponding generating functions in
exactly the same way as for the cases studied in previous sections. In particular, we
make use once again of equations and . We then find the analogous result
of equation , where now j is a half integer. We have for the generating function
of levels in the sector with 25 through lines:

L1 2 L1 2
. 1 pli_Utz) g|1yUta)
Kj = ZND X ——1q |:4 k } —q {4 k :| (3138)
n(q)
where
ZND = = Zq("_i)Z : (3.139)
n(q)

neL

We can give a few examples to support this result. When we fix kK = 4.2 and analyse
the first 40 eigenvalues of the loop model transfer matrix ((3.137)) up to size N = 25 we
find

f(j:% = ¢~ (1 + q% +q+ Zq% +3¢% + 4qg +6¢°+...), (3.140)

which is consistent with eq. (3.138]) up to the level written. Similarly, we have
K,_s =¢* 5i(1+q% +2¢+3¢2 +4¢* +6¢7 +...). (3.141)
2

Now consider the RSOS model with N odd. We consider the transfer matrix in
where the e; now act in the RSOS representation defined in section Note that
moving to the RSOS representation only makes sense when k is an integer. We define
the quantities:

Ora(g) = Y g a)’ (3.142)
neZ

Then for the RSOS model with the left boundary height set to 1 and the right boundary
height set to r = 2j + 1, the generating functions is found to be:

__ZND

§ =
n(q)
with [ = k — 2r. It is easy to check then that

[©1,26(q) — O2r—1,21(q)] (3.143)

o0

& = Z [f(]urnk - kk—l—j—s—nk} (3.144)

n=0

using 7 = 25 + 1 and hence | = k — 2 — 45. The quantity & is in fact the full CFT
generating of the disorder field in the parafermion conformal field theory [84]. Equation
is the analogue of the relationship between the string functions and the discrete
character of the black hole theory presented in section [3.4.3] where we recall that in
that case the identity also corresponded, on the lattice, to a relationship between the
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Boundary | k | Exponent | Generating function

1.2 |4 0 142+ 2+ P+ + P+ a7 +2¢* +2¢° + ..
1 T 3 2 5 3 T 4 9 5 1T

L2 )5 10 L+q> +q+q>+2¢°+2¢2 +3¢° + 3> +4¢" +5¢2 +6¢° + 7> + ...
1 3 2 5 3 T 4 9 5 1T

L4 |5 3 1+qg+q2+¢*+q2 +2¢°+2¢2 +3¢* +3q2 +4¢° + 492 + ...

1.2 |6 = 1447 +q+2g5 + 242 + 3¢5 +4¢° + ...

1.4 6 TIG 1+q%+q+2q%+2q2—|—3qg+4q3+...

1.2 |7 2 1+¢2+q+2¢2 +3¢%+3¢5 +54 +...

Table 3.5: Generating functions in the RSOS model with an odd numbers of sites. The
generating functions are written up to the number of terms that we have observed on
the lattice.

loop and RSOS models.

One can observe from the lowest order term of & that the dimensions of the C-
disorder fields in the Zj_o theory are:

k=44 (k—2—4j)?

A
16k

(3.145)

We compare the numerical results obtained from the lattice model with the CFT quan-
tities defined in ([3.144]) in Table

In conclusion, we see that the correspondence, for k integer, between RSOS restric-
tions of the critical antiferromagnetic Potts model and parafermions extends to the case
of disorder operators for odd numbers of sites.



Chapter 4

The Bethe Ansatz

In chapter [3] numerical methods were used to find the spectrum of transfer matrices and
Hamiltonians describing critical models with the goal of understanding the conformal
field theories describing their continuum limits. Finding the eigenvalues is a numeri-
cally intensive procedure and hence imposes upper limits on the system sizes that we
can study. Chapter [3] studied the conformal field theory describing the antiferromag-
netic Potts model by using system sizes up to N = 24, but this will not always be a
large enough lattice system for us to be able to observe certain aspects of the CFT on
the lattice. This is particularly apparent when we want to use the lattice to study the
non-compact aspects of a CF'T for reasons that will now be outlined.

As was discussed in section we can calculate CFT quantities (e.g. the central
charge and the conformal dimensions) from a finite lattice system using finite size scal-
ing, i.e. equations to , leading to the observation of the corresponding CF'T
generating function on the lattice such as or . It was found that using
lattice sizes N ~ 20 was enough to observe the first few terms in these CF'T generating
functions. Ultimately, the reason we could do this was that, in equation , the
term after the % term was small - more precisely, it was found to be of the order %
However, this will not always be the case when we are considering the non-compact
part of a CFT and we will need to study much larger systems in orde to calculate the

conformal dimensions.

Compare for instance figures and [4:2] Figure plots the finite size gaps ob-
tained from equation versus %, calculated from the transfer matrix for the anti-
ferromagnetic model with alternating boundary conditions defined in equation .
Using quite low systems sizes we can already see that these gaps converge towards inte-
gers. It was observed that the number of states converging towards each integer is equal
to what one would expect from the discrete character generating function, see equation
(13.73)).

However now consider figure [£.2] where the same analysis is applied to a model with a
non-compact continuum limit (the data in this figure is generated from a non-compact
model that will be discussed in detail chapter @ The non-compact CFT results in
the appearance of more and more states as the system size is increased, and the gaps
corresponding to these states converge logarithmically to zero. This was interpreted
in [54] as the appearance of a continuum of conformal dimensions on the lattice, as
one would expect from a non-compact model. In particular, what this means is that

73
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Figure 4.1: The scaling behaviour of the gaps in equation (3.35)). The gaps are plotted
versus % and we notice their scaling behaviour can be extracted even with the low sizes
considered due to the compact continuum limit.
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Figure 4.2: The scaling behaviour of the gaps in a non-compact model. The logarithmic
corrections to the gaps necessitate the study of large systems.
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the term after the % term in equation is no longer (9(%) but O(Wi)gL) instead.

In practical terms this means that, when logarithms are present, we need to study
much larger systems in order to extract the CFT data. Directly diagonalising the trans-
fer matrix with numerical methods [85] is no longer a viable option due to computational
constraints, hence one should look for exact solutions. The goal of this chapter is to
introduce some basic aspects of the Bethe Ansatz method which will be used in later
chapters to find the exact solutions that we need in order to study the non-compact
boundary conformal field theory that interests us.

4.1 Some general properties

We will start with a brief overview of the Bethe Ansatz in the XXX model in order
to provide a general background to the topic before it is applied to more complicated
models in later chapters. See [86] for a historical overview, and [87, [88] for an in-depth
review. The XXX Hamiltonian with coupling J takes the following form:

L
J
3 Z(Ufazﬂl +ojol +o70i) (4.1)

=1

H =

where for now periodic boundary conditions are imposed. One can in principle find the
spectrum of the XXX Hamiltonian for any given size L by directly diagonalising the
Hamiltonian in . However, for large L this becomes difficult for practical reasons
and one would therefore hope to find a more efficient method. The Bethe Ansatz
provides such a method and essentially amounts to an educated guess as to the form of
the eigenstates |¢) of , leading to a set constraints on the form of the eigenvalues.
Since the XXX Hamiltonian is written in terms of Pauli matrices, the Hilbert space is
spanned by the basis vectors |sy...s;) where the s; can take the form of up spins 1 or
down spins |, corresponding to the eigenstates of the o® operator. If we consider the
reference state |0) to be that with all up spins, then we define the state |zix2) as the
basis state with all spins up except for the spins at positions x; and xo where the spins
are flipped. Note that the XXX Hamiltonian conserves the total spin, so we can study
each total spin sector separately. We will denote by n the number of spins that have
been flipped with respect to the state |0), the state |z1z2) referred to above therefore
corresponds to n = 2. In principle n can range between 0 and L but we only need to
consider n < % due to the Zs symmetry of the Hamiltonian . Bethe’s Ansatz [89]
for the eigenstates of the XXX Hamiltonian in the sector with n flipped spins then takes
the form:

4h)p = > f@ )@, ) (4.2)

1<z <..<zn <L

with

n

@, man) = > Ay [ (4.3)

(p17"'7p7l)€Sn i=1

where the sum runs over all elements of the permutation group S,, and the quantities
Ap,...p. and k,, are yet to be determined. This Ansatz allows us to derive the following
form of the energy eigenvalues:
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JL -
E=""+ J;(Q cosk; —2) (4.4)

where the momenta k; satisfy the Bethe Ansatz equations:

n
s (4.5)
£
and the s;; are defined as: ' -
sj1 = 1—2ekt 4 etkitik (4.6)

In the sector with n flipped spins we have n Bethe Ansatz equations of the form (4.5))
and n unknown variables k;. Whenever one arrives at a set of Bethe Ansatz equations,
an immediate question arises as to whether or not the equations are “complete”, i.e.
whether or not there are enough solutions to the Bethe Ansatz equations to recover
all of the eigenvectors and eigenvalues of the Hamiltonian. In the example presented
here one can in fact find more solutions to than the number of eigenstates of the
Hamiltonian [90]. For example, there are solutions to the Bethe Ansatz equations with
coincidences of the k; but these solutions are not “admissible” - this is related to the
fact that, when k; = k; for i # j, we see from that the wavefunction vanishes.
However the question of admissibility is a lot more subtle than is described here, see
for instance [91], 92], and is an area of ongoing research [93, [94], 05].

The construction described here is referred to as the coordinate Bethe Ansatz and
was the method that Bethe used in his original 1931 paper [89]. Subsequent develop-
ments [96, 97| used similar techniques to solve more complicated models and are given
names such as the Algebraic Bethe Ansatz and the Analytical Bethe Ansatz to distin-
guish them from Bethe’s original formulation. We will mainly be concerned here with
the Analytical Bethe Ansatz and this will be introduced below. The main idea however
remains the same: we start with a transfer matrix or a Hamiltonian and we want to
reduce the problem of finding the spectrum to solving a set of Bethe Ansatz equations
such as . The concept of “admissible” and “non-admissible” solutions mentioned
above will still apply.

4.2 Integrability: bulk and boundary

The key object in either the algebraic or the analytical Bethe Ansatz is the R-matrix.
The R-matrix is a function of the “spectral parameter" u and acts on the space V ®@ V
where V' is a d-dimensional space. Exactly solvable models can be constructed from
R-matrices that satisfy the Yang-Baxter equation [98]:

Ria(u1 —ug)Riz(ur — uz)Roz(ug — uz) = Roz(ug — uz)Ri3(ur — uz)Ria(ur —u2) (4.7)

The full expressions on the LHS and RHS in act on the space Vi1 ® Vo ® V3 and
the notation R;; means that the R-matrix acts non-trivially on the spaces V; and Vj
and acts as the identity on the remaining space. The Yang-Baxter equation is depicted
graphically in figure [£.3] We assign spectral parameters uj, ug and ug to the three
spaces depicted by the three lines and the R-matrix acts at each of the intersections
of the lines. The parameter of the R-matrix is given by the difference between the left
and the right spectral parameter when we consider time to be flowing upwards. When



4.3. THE ANALYTICAL BETHE ANSATZ 7

us uy u

U1 U2

2 us

Figure 4.3: Graphical depiction of the Yang-Baxter equation. See text for explanation.

periodic boundary conditions are imposed, we can then construct a transfer matrix from
the R-matrix in the following way:

t(u) = Trq(Ra1(w)...Rar(u)) (4.8)

where a is an “auxiliary” space. Any transfer matrix of the form (4.8]) with an R matrix
that satisfies the Yang-Baxter equation (4.7)) is integrable since it commutes with a
transfer matrix with a different spectral parameter, i.e.:

[t(u), t(v)] =0 (4.9)

for all spectral parameters u and v. To construct an integrable model with open bound-
ary conditions, however, in addition to the R-matrix that satisfies the Yang-Baxter
equation we need to consider a particular d x d matrix acting at the boundary: the
K-matrix. As a matter of fact, we shall need a K-matrix for both the left and right
boundaries which we will denote as K~ and K, respectively. We require that K~ (u)
satisfy an analogue of the Yang-Baxter equation, the so-called boundary Yang-Baxter
equation [81]:

Ria(u —v) Ky (u)Ro1(u+v) Ky (v) = K5 (u)Riz(u+v)K (u)Ra1(u—v)  (4.10)
so that the two-row transfer matrix
t(u) = Try K (u)Rar(4)...Ra1 (u) K, (u)R1q()... Rpq(u) (4.11)

will be integrable, i.e., satisfy [t(u),t(v)] = 0 for all u,v. To ensure that the right
K-matrix, KT (u), satisfies the analogue of (4.10) on the right boundary we take

KT\ =K "(—p—-\M, (4.12)

where p and M are model dependent and ¢ denotes usual matrix transposition.

4.3 The Analytical Bethe Ansatz

The idea behind the analytical Bethe Ansatz is to use the properties of the R-matrix to
constrain the form of the eigenvalues A(u) of the transfer matrix in (4.11]). To see how
this works, consider the example of the six vertex model studied in [99]. The R matrix
can be written as:

sinh(u + n) 0 0 0
_ 0 sinh(u)  e“sinh(n) 0
F(u) = 0 e "sinh(n)  sinh(u) 0 (4.13)
0 0 0 sinh(u + n)
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The six vertex model is sometimes written in terms of a parameter g, the parameter
n appearing in (4.13]) is related to 79 by 7 = i7p. One can consider the following
particularly simple K+ and K~ matrices that satisfy (4.10):

K (u)=1d, K*(u) =M (4.14)
where .
M= — Fo 604 (4.15)

As is outlined in [99], one now proceeds to find the eigenvalues of the transfer matrix
(4.11)) using the R matrix in (4.13]) and the K matrices in (4.14]), by appealing to various
properties that R(u) and t(u) must satisfy. In particular, one observes that R satisfies:

ng(u)Rgl(—u) = §(U>Id (4.16)
as well as the so-called “crossing property”
ng(u) = V1R12(—u — p)t2V1 = VQtQng(—u — p)tl VQtZ (4.17)

where V' is a “crossing matrix” that is model dependent, and in this case we have:

M=V'V (4.18)
with
0 —ie2
V= 4.19
iez 0 ] (4.19)
We furthermore have “regularity”
R15(0) = £(0)2 Py (4.20)

as well as the commutativity property in (4.9). Combining these properties with the
fact that the transfer matrix commutes with the generators of the “quantum group”
Uy(sl(2)) leads [99)] to the following form for the transfer matrix eigenvalues:

Csh@ut ) oy QUuon) | sinhCw) o Q(ut )
A = e S D Tom Sy W gy (2
where

Q(u) = [ sinh(u — A, + g) sinh(u + Ay + g) (4.22)

k=1

where m can take integer values between 0 and % for L even and % for L odd and
the A\, are the “Bethe roots”. We can find the A by the requirement that the residues
of the poles of (4.21)) all vanish, leading to the Bethe Ansatz Equations (BAE):

<sinh()\j + )>2L B ﬁ sinh(\; — Mg 4 1) sinh(Aj 4+ A, +7) (4.23)

sinh(\; — ) N i sinh(A\; — A\g — n) sinh(\j + A\ — )

Just as was the case for the periodic XXX model presented in section the problem
of finding the spectrum of the model of interest has been reduced to solving a set of

NS



4.4. THE HAMILTONIAN LIMIT 79

coupled equations which one can do using numerical methods that are less computa-
tionally expensive than direct diagonalisation. Note that the analytical Bethe Ansatz
as presented here does not provide a method to calculate the eigenvectors of the transfer
matrix, we can only access the eigenvalues with this method. This however is all we will
need here since we will ultimately be interested in studying the CFT properties of the
lattice model from finite size scaling as discussed in the introduction to this chapter.
Integrable models with interesting continuum limits will be studied in later chapters
using methods similar to the present analysis. The goal will remain the same: calculate
the spectrum of the transfer matrix by solving a set of Bethe Ansatz equations instead
of by direct diagonalisation.

4.4 The Hamiltonian Limit

We will also however be interested in the quantum Hamiltonian corresponding to a given
transfer matrix. Following the construction in [81], one can define an open integrable
Hamiltonian from the transfer matrix in the following way:

'(0) =2H Tr K+ (0) + Tr K*'(0) (4.24)
which gives:
H= Lz_l Honir + ~K7 (0) + 2020 (O Hro Kg (0)Hio (4.25)
= 2 n,n+1 9 1 Tr KS_(O) 5 .

where Hy, 1 = Pn’n+1%Rn7n+1()\)| A=0; the subscripts indicate on which spaces there
is a non-trivial action. One can check that the Hamiltonian corresponding to the open

six vertex model defined by (4.13]) and (4.14)) is the open XXZ Hamiltonian:

L1
H= Z(afcﬁrl + 070! | + coshnoiof, ) —sinhn(of —oF) (4.26)

=1

which was studied in detail in [I00]. One can furthermore check from (4.21)) that the
energy eigenvalues are given by:

m 12
4sinh* n
E= L-1 h 4.27
; cosh(2);) — cosh(n) + ) coshr (427)
To study the CFT using the Hamiltonian instead of the transfer matrix one can once
again use the finite size scaling of the eigenvalues which have the following form:

E:fOL—i'fs—TmF(%_m—l—O<ll;> , (4.28)

where vg is the Fermi velocity which is a model dependent quantity. In the present case
of the XXZ model we have:

op = LOR0 (4.29)
70

where we recall n = ivp.
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4.5 The CFT limit: examples

The remainder of this thesis will use equation extensively in order to extract the
CFT data from a lattice Hamiltonian in finite size. We briefly present here the well
studied results of this procedure when applied to the XXZ model with a number of
different boundary conditions. First of all, note that is only valid for a model
with open boundary conditions, and in the periodic case must be modified to:

E= fol - MF(ELM to (i) : (4.30)

The CFT description of the periodic XXZ Hamiltonian, given by:

L
H = Z(Ufafﬂrl + o/o?, | + coshnoiof, ) (4.31)
i=1
was studied in [101]. The energy eigenvalues are once again given by (4.27) (but with

the L — 1 replaced by L since there is an additional interaction term in the periodic
model) and the Bethe Ansatz equations given by:

. i L m . .
s?nh()\j - %) _ H s?nh()\j — A — 1.70) (4.32)
sinh(\; + 32) 1 sinh(Aj — Ax + i70)

By using (4.30)), it is found [I0I] that, for all values of vy (recall that n = ivyy) the
central charge is given by ¢ = 1. To find a central charge that depends on g, one must
introduce “twisted” boundary conditions:

L1 i o—id
H = Z(af(fﬁrl + 070! | + coshnoiof, ) + 70201_ + Tagafr (4.33)
i=1
which were also studied in [I0I]. One can in fact calculate the thermodynamic form of
the energy of the periodic model, and hence the conformal properties via equation ,
by using the thermodynamic Bethe Ansatz [102) [I03] - also applied to the boundary
case in [104].



Chapter 5

Integrable boundary conditions in
the Potts model

In chapter [3| numerical methods were used to study the conformally invariant boundary
conditions in the antiferromagnetic Potts model. However, an exact solution of the
open model, even in the simplest case of free boundary conditions, was not considered.
Chapter [4] motivated the study of exact solutions of this model and introduced the
Bethe Ansatz which is the tool we will use in the present chapter to obtain the exact
solutions that we are looking for.

We will do this by first recalling from section that the antiferromagnetic Potts
model can be reformulated as a staggered six vertex model, and that the latter model
with periodic boundary conditions can be described by an integrable transfer matrix
written in equation . We will then show that there is an exact mapping between
the staggered six vertex model and another previously studied integrable model con-
structed from the twisted affine D3 Lie algebra. This allows us to use some K-matrices
from the D3 model that satisfy the reflection equation in to study integrable
boundary conditions in the antiferromagnetic Potts model.

This chapter is structured as follows: in section the formulation of the antiferro-
magnetic Potts model as a staggered six-vertex model is recalled. It is shown that there
is an exact mapping between the staggered six-vertex model and the integrable model
constructed from the twisted affine D3 Lie algebra. In section the model with open
boundary conditions is considered. A particular K-matrix from the D3 model [105] [106]
is interpreted in the context of the staggered six-vertex model. In particular, it is found
that the Hamiltonian of the model with the boundary conditions described by this K-
matrix has a very simple interpretation in terms of generators of the Temperley-Lieb
algebra. This integrable, open Hamiltonian is written in equation ([5.46). The symme-
try group of the chain is discussed and the additional degeneracies of the D2 chain that
were previously observed in [105] and [106] are interpreted using a symmetry operator
written in terms of Temperley-Lieb algebra generators. In section [5.3]the Bethe Ansatz
solution of the model with these boundary conditions is presented, and the critical expo-
nents are derived analytically. Some numerical solutions to the Bethe Ansatz equations
are presented and are used to show that the scaling behaviour of the chain is the same
as that of the antiferromagnetic Potts model with free boundary conditions. Section
5.4] considers the model in two different representations of the Temperley-Lieb algebra
and numerical results confirms that we have indeed correctly identified the underlying

81
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Figure 5.1: The six vertices and their Boltzmann weights.
boundary CFT.

5.1 The staggered six-vertex model and the D3 model

5.1.1 Background

We recall from chapter [3|the Hamiltonian of the isotropic two-dimensional @-state Potts
model

H=-K> o0, (5.1)

where 0; = 1,2,...,Q and (ij) denotes the set of nearest neighbours on the square lat-
tice. This model has been reviewed in many places [107)[32] 54]. It was shown in section
that the Potts model can be reformulated as a height, loop and vertex model where
the partition functions are identical to that of the original Potts model described in
terms of spins, but with different observables. It is another well-known result, reviewed
in chapter [3| that when the correspondence between the Potts and the vertex model is
carried out at the so-called “ferromagnetic critical point”, the resulting vertex model is
the celebrated “six-vertex model”. Carrying out this Potts/vertex mapping at the other
critical point of the Potts model, the “antiferromagnetic critical point”, one obtains the
“staggered six-vertex model” where the Boltzmann weights take particular values that
alternate with each row /column.

Here we will show that the staggered six-vertex model is identical to an integrable
model constructed from the D3 affine Lie algebra. This relationship between the D3
model and the staggered six vertex model was first alluded to in [108] where the spectra
of the two models were shown to be identical. Here we take this result further and
show that the transfer matrices of the two models can in fact be identified. This paves
the way in later sections to derive new results related to the antiferromagnetic Potts
model and its integrable boundary conditions. We will be particularly interested in
“free” boundary conditions in the Potts model which corresponds in to imposing
no additional constraint on the Potts spins at the boundary so that the sum runs over
all nearest neighbours as usual but boundary spins have fewer nearest neighbours.

5.1.2 Review of the staggered six-vertex model

The six-vertex model with no staggering was briefly discussed in section It is
defined by placing arrows on the edges of a square lattice subject to the constraint that
there must be two incoming and two outgoing arrows at every vertex. The six possible
vertices that satisfy this constraint are shown in Figure Each of these vertices then
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0 0 0 0
Figure 5.2: The spectral parameters on the lattice of the six-vertex model
takes a particular Boltzmann weight parameterised by the ‘spectral parameter’ u which

controls the amount of anisotropy. The Boltzmann weights are also functions of the
crossing parameter v which appears in the Q-state Potts model as

VQ =€ e, (5.2)
We can encode the Boltzmann weights in the R-matrix which acts on the space
RN RON RS (5.3)
The present analysis will define R in the following way
sin(y — u) 0 0 0
- o 0 e Msiny  sinu 0
R(u) = 0 sinu  e™sinvy 0 (5:4)
0 0 0 sin(y — u)

By considering R(u) to act in the North-East direction, we can see that (5.4]) recovers
the Boltzmann weights of the vertices in . If we associate the spectral parameters
uy and wug to the left and right lines as one approaches a given vertex (along the NE
direction), the R-matrix takes the parameter u; — us. Note that we will henceforth
refer to both the R-matrix and the R-matrix, the latter being the former multiplied by
a permutation operator. Consider then a square lattice where the parameters v and 0
are associated to all horizontal and vertical lines, as in Figure [5.2

The action of R on the lattice in Figure recovers the correct Boltzmann weights
of the six-vertex model for all of the vertices on the lattice. With this formulation of
the six-vertex model we can now generalise to the staggered six-vertex model [54, [109].
Instead of associating u and 0 to all horizontal and vertical lines, respectively, as in
Figure [5.2] we will introduce a “staggering” of these parameters in both the horizontal
and the vertical direction as in Figure

This model with periodic boundary conditions was studied in detail in [54]. The
staggering can be conveniently taken into account by introducing a block R-matrix as
in Figure 5.4

This new R-matrix now acts on the larger space

{1, 110, 1) 1D} @ {1, 110, 11, D) - (5.5)
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Figure 5.3: The spectral parameters on the lattice of the staggered six-vertex model .
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Figure 5.4: The block R-matrix.

As discussed in [54], it turns out that a convenient basis to consider is:

{111, 10),10), [4)} @ {11),10),10), [14)} (5.6)
where
1 iy _in
0) = W(e 2T —e 2 [In). (5.7a)
0) = (e 310 +cF ). (5.7b)

v/2cosy

In this basis there are only 38 vertices with non-zero Boltzmann weights. At each vertex,
we will represent the |171) state by an up or right-pointing arrow, the |||) state by a
down or left-pointing arrow, the |0) state by a thin line and the |0) state by a thick
line (the lines associated with |0) and |0) carry no arrows). The 38 possible vertices are
drawn in Figure It was discussed in [54] that the R-matrix of this 38-vertex model
satisfies the Yang-Baxter equation and the model was solved via Bethe Ansatz.
Sections[5.1.3]and [5.1.4 will show that the staggered six-vertex model, or equivalently
the 38-vertex model, is equivalent to the integrable model constructed from the twisted
affine D3 Lie algebra. What we mean by ‘equivalent’ is the following: there is a well-
defined procedure to start with a Lie algebra and find an R-matrix that satisfies the
Yang-Baxter equation, and this procedure has been carried out for D3 [I10]. When we
write this R-matrix in a particular basis we find that there are only 38 non-zero matrix
components; the D% R-matrix therefore describes a 38-vertex model. It turns out then
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that these matrix components are exactly those of the 38-vertex model arising from the
staggered six-vertex model. E|

5.1.3 Mapping between the two models: General strategy

Starting from a given Lie algebra, one can construct an R-matrix that satisfies the
Yang-Baxter equation. This has been carried out for the twisted affine D3 Lie algebra
in [I10]. We will show here that when written in an appropriate basis, the D3 R-matrix
can be identified with that of the 38-vertex model arising from the staggered six-vertex
model.

The D% R-matrix is a 16 x 16 matrix acting on the states:

{11),12),13), 14)} @ {[1), 12), 13), [4)} (5.8)
where 1,2, 3,4 are just labels for the four possible states that each edge in the vertex
model can take. Now define

B = =)+, (5.92)
= 1
V2

We are interested in calculating the D3 R-matrix in the basis

{11),12),13). 19} ® {]1),12),13), [4)} - (5.10)

We will do this by calculating each matrix component in the new basis term by term.
The strategy is the following: first note that the D3 R-matrix is written in terms of the
matrices E,g ® E.5; where E,g is a matrix with all components equal to zero except for
the component in the a-th row and S-th column which is equal to 1, i.e.,

(Eapij = biadjs , (5.11)

with «,3,7,0 taking labels 1, 2,3 or 4. To calculate the matrix elements in the new basis
we need to expand the R-matrix in terms of matrices EdB ® Eﬁg where @, 3,7, 9 take

(12) = 13)) - (5.9b)

labels 1,2,3 or 4 and we have

Ess = \}i(E&Q + Eas) , (5.12a)
B = \}i(Em + E3a), (5.12b)
Eas = \}E(EdQ — Eas), (5.12¢)
B3y = \}i(Ezd — E3a). (5.12d)
We have then, for example:
Es®E; = %(Em ® Ei19 + F12 ® E13+ E13® F1g + E13® E13),  (5.13a)
5 ® Eyy = L(E12 ® Fa9 + E19 ® E39 — 19 ® Ea3 — F12 ® E33

22

+E13® Eyo + E13 @ E3y — F13 @ Eog — E13 ® E33) .(5.13b)

!There is one subtlety that will be discussed in more detail later. Some of the matrix components
of the two R-matrices differ by a sign, but this turns out to be unimportant because the full transfer
matrix constructed from either R-matrix is the same.
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Figure 5.5: Labelling around a vertex in the D3 model.

When we expand the D3 R-matrix in terms of the matrices E5 ® Ex5, the coefficient
of each of these terms will give the Boltzmann weight of exactly one vertex. It will
turn out that, in this basis, there are exactly 38 non-zero coefficients and that these
coefficients are the Boltzmann weights of the 38-vertex model arising from staggered
six-vertex model. The coefficient in front of the term in (5.13)) will correspond to the
Boltzmann weight of one of these 38 vertices, as we now discuss.

5.1.4 Deriving the Boltzmann weights

The D3 R-matrix is expanded in terms of the matrices Eop @ Eys:

R = Z waﬁv(;Ea/B X E,Yg . (5.14)
afyd

We then interpret wqpg,s as the Boltzmann weight of the vertex in Figure In
particular, « is the label of the state of the right edge, 8 the label of the state on the
left edge, v the label of the state on the top edge and § the label of the state on the
bottom edge. We will represent these labels in the following way: associate a down or
left-pointing arrow to the label 1, an up or right-pointing arrow to the label 4, a thin
line to the label 2 and a thick line to the label 3. The coefficient wq117 for example then
gives the Boltzmann weight of vertex (1) in Figure and the coefficient w,3,5 gives
the Boltzmann weight of vertex (13).

The explicit expression for the R-matrix of the D% model can be found in equation
(3.7) of [I10]. The important point for us is that this expression for the D? R-matrix is
of the form and that the weights w,gs are written in terms of parameters x and
k. Meanwhile, the explicit expression for the 38-vertex model can be found in section
2.3.3 of [564] and this matrix is written in terms of parameters ug and 9. The latter
two parameters are related to those of the six-vertex model R-matrix by [54]

up = —2u, (5.15a)
Y = T—27. (5.15b)

It will turn out that the correct associations between the parameters of the two models
are

= —e 0, (5.16a)
x = e "M, (5.16b)
so that we have
E = &, (5.17a)
r = e, (5.17b)

With this identification, our goal is then to write the R-matrix in a new basis:

R=Y ©:3:5Fs5 © Ex;, (5.18)
b

BAS
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Figure 5.6: The 38 vertices of the D3 model.

and to calculate the weights w; oy in terms of the parameters ug and g by writing R
in the form . Consider all the vertices of the 38-vertex model in Figure . There
are three types of vertices to consider: vertices with four arrows (1 to 6), two arrows
(7 to 30) and no arrows (31 to 38). We will study each of these three types of vertices
individually.

Vertices 1 to 6

These vertices have four arrows (two in and two out). Since we associate arrows with
states |1) and |[4) there will be no change to the Boltzmann weights of these vertices
when we change from the old basis |1),]2),|3),]4) to the new basis [1),]2),]3),|4), except
for the change in parameters from x and k to ug and vg. Consider for example vertices
1 and 2. These correspond to the terms wyqqqa Fyq @ Eqq and wi111F11 ® F11 in the
expansion of the R-matrix. We have from [110]:

witn1 = waaas = (2° — k)%, (5.19)
and we know that w1111 = @1111 and wgqqq = @a444. Using (5.16)) we then find
wi11 = Waaa = —4k*2? sin®(y0 — uo) (5.20)

which is equal to the weight of these vertices in the staggered six-vertex model, up to an
overall factor of 16k%x2? which will turn out to be present in all terms. We can perform
the same calculation for vertices 3 to 7, the results of which are shown in table
We see that when we make the associations x = exp(—iug) and k = — exp(—ivyp), as in
(5-16), all of these vertices have the same Boltzmann weight in the D3 model and the
staggered six-vertex model, again up to a factor of 16k?z2.
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Vertex D3 weight Staggered six-vertex weight
1 —4k22? sin® (4o — o) —2sin?(yo — up)
2 —4k22? sin® (49 — o) —1sin®(y0 — uo)
3 —4k% 2% sin’ (ug) — 2 sin?(u)
4 —4k% 2% sin’(ug) — 1 sin?(u)
5 4k*22e~ 2" sin (7o) (sin(ug) — sin(yo — up)) | s 27 sin(yo)(sin(ug) — sin(yo — up))
6 Ak%2?e?™ sin(vo) (sin(ug) — sin(yo — uo)) | Fe*“sin(yo)(sin(uo) — sin(yo — uop))

Table 5.1: Correspondence between the Boltzmann weights of the D3 model and the
staggered six-vertex model. Vertices 1 to 6.

Vertices 7 to 30

We will now show an example of a calculation of the D3 Boltzmann weight of a vertex
with two arrows. Consider vertices 8 and 10, which correspond to the terms F5, ® E5
and F3; ® F3 in the expansion of the R-matrix. We will calculate the coefficients of
these terms when we change basis from |1),[2),[3), |4) to |1),]2),]3), |4). Consider the
following terms appearing in the expansion of the R-matrix in the old basis:

1
(k:2—1)(1:2—k:2)(m+1)1:(E21®E12+E31®E13)—§x(k‘2—1)(xQ—k;Q)(m—l)(E21®E13+E31®E12) .
(5.21)

1
2
This can be reformulated as

(k2—1) (x2—k:2)$[$(E21 +E31)®E12+(E21 —E31)®E12+$(E21+E31)®E13—(E21 —E31)®E13] ,
(5.22)

1
2
which we can see gives:
— (k* = 1)(2* — k*)z[zE5 ® By5 + F3, ® E3). (5.23)
After making the associations we finally obtain
—4k2x%e?™ sin(vo —uo) sin(y0) [ E3, @ B, 5 +4k*2? sin(yo —uo) sin(yo) [E3, @ Ey3) . (5.24)

The coefficients of the two terms in give the Boltzmann weights of vertices 8
and 10 in Figure and are compared with the Boltzmann weights of the staggered
six-vertex model in table[5.2] We observe that the Boltzmann weights in the two models
are equal, again up to the factor of 16k2z2. In the case of vertex 10, there is a difference
of sign between the two models. Vertices with a sign difference in the two models are
marked with an asterisk in the last column of the table. This sign difference will turn
out not to affect the transfer matrix built from the R-matrix and therefore not to have
any effect on the physics. This will be explained in more detail below.

Vertices 31 to 38

This section will present the calculation of the Boltzmann weights of vertices with no
arrows. These vertices are labelled 31 to 38 in Figure [5.6 and correspond to the terms
L5 ® B3z, B3 ® Bsj, By @ Lz, B3 ® By, By ® Bg, Eay © Bgs, Eys @ Bss, Bz @ Ess.
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Vertex D3 weight Staggered six-vertex weight
7 —4k%2%e?™ sin(yo — ug) sin(yo) | —+e**sin(yg — up) sin(yo)
8 —4k2z%e?™ sin(yo — ug) sin(yo) | —ze*“sin(yo — uo) sin(yo)
9 4k%2? sin(yo — uo) sin(vo) — 1 sin(yo — uo) sin(7o) *
10 4k%z% sin(yo — uo) sin(7o) — 1 sin(yo — up) sin(7o) *
11 4k2 2202w sin (ug) sin (7o) ie‘i(7_2") sin(ug) sin(vo)
12 4k2 2202w gin (ug) sin (7o) ie‘i(7_2") sin(ug) sin(vp)
13 4k 2% sin(up) sin (7o) — e sin(ug) sin(vo) *
14 4k%22 €™ sin(ug) sin(vo) — 1€ sin(uo) sin(yo) *
15 —4k%x%e=?" sin(yo — o) sin(yo) | —Fe > sin(yo — uo) sin(yo)
16 —4k%x%e=?" sin(yo — ug) sin(yo) | —3e > sin(yo — uo) sin(yo)
17 4k*x?e=" sin(ug) sin(qo) — e~ sin(uy) sin(vo) *
18 4k*x?e=" sin(ug) sin(qo) — e~ sin(up) sin(vo) *
19 —4k22? sin (o — ug) sin(ug) —i sin(yp — ug) sin(ug)
20 —4k22? sin (9 — up) sin(ug) =3 Lsin(yp — uo) sin(ug)
21 —4k?2? sin(yo — uo) sin(ug) =3 1 sin(yp — ug) sin(uo)
22 —4k?2? sin(yo — uo) sin(ug) =3 1 sin(yp — ug) sin(ug)
23 —4k22? sin (o — up) sin(ug) - 1 sin(vyp — ug) sin(ug)
24 —4k?2? sin(yo — uo) sin(u) -3 - sin(yo — uo) sin(ug)
25 —4k*2? sin(yo — uo) sin(ug) — 1 sin(yo — uo) sin(uy)
26 —4k?2? sin(yo — uo) sin(ug) —% sin(yp — up) sin(ug)
27 4k2 226" =29 sin(ug) sin (7o) ze {r=24) sin (ug) sin(vo)
28 4]{;21'261(7*2“) sin(ug) sin(vo) 1e/0~29 gin(ug) sin(7p)
29 4k2%2% sin(yo — uo) sin(7o) —% sin(yp — uo) sin(~p)
30 4k%2? sin(yo — uo) sin(vo) — 1 sin(yo — uo) sin(7o)

89

Table 5.2: Correspondence between Boltzmann weights (continued). Vertices 7 to 30.
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Consider the terms in the expansion of the D R-matrix:
Eay @ Elk(2® — 1) (2 — k?) — %(kQ —1)(k+ Da(z+1)(z — k)]
+E33 ® Bgglk(a® = 1)(2* — k%) — %(k"’ — Dk + Dz + 1)(z = k)
+E» ® Eglk(a® —1)(2® — k°) + %(k:Q —1)(k+ Daz(z—1)(z + k)]

+E33 ® Eoalk(2? — 1)(2* — k%) + %(l{:2 -k +1Dz(x—1)(z + k)]
. (5.25)
+E32 ® E23[§(7f2 =1k = Da(z+1)(z + k)]

B2y @ Bl (K — 1)(k — Dr(a + 1)(z + )]

4By @ Bl (K~ 1)(k — Dl — 1)(z — k)]

By ® Bysl (K — 1)(k — Dale — 1)(z — £)].
Now use the easily verified expressions:

E9 ® Eog + E33 @ E33 = %[EQQ & EQQ + Egg & Eig + Eg@ & Egé + EQ{), ® ESQ +

Eg3 @ Ea + Esy @ Eg3 + Es3 ® By + E33 ® Egg] (5.26a)
Ey @ B33+ E33 ® Esy = L[Es5 ® E55 — B33 ® Esz — E35 ® Eg5 — Es3 ® E35 —

Eg3 @ Eaz + B3y © Eg3 + 33 ® Esy + E33 ® Egg] (5.26Db)
E33 @ Ea3 + Fo3 ® Esp = 1[Es5 ® E55 — Es3 ® Es; — E35 ® Ez5 + Es3 @ E35 +

B35 ® Esy — B33 ® B33 — E33 ® B3 + B33 ® Eg3] (5.26¢)
E33 @ E3y + Fo3 ® Eo3 = 1[Es3 ® Es5 + E33 @ Es; + F35 ® Eg5 — Es3 ® E35 —

E3s @ Eg3 — B33 ® E33 — B33 ® Ess + E33 @ Eg] (5.26d)

to write the terms in ([5.25)) as

1 1

5 {k(xz — (22 - k%) — 5(1{2 - (k4 Dz(x+ 1)(x — k)] X
(B3 ® Egs + Eg3 ® Eyy + Egy @ Egp + Eyy ® Egp+
Eg ® Esg + Ey ® By + F33 ® Eys + 33 ® Egg)

L [k(xQ ) — k) + %(k:Q Skt Dz — D)z + k)] «

*3
(Ess ® Eg3 — Ey3 @ By — Egy ® Eg; — Eg3 @ Egz—
B35 ® Es3 + B33 ® Ex3 + B33 ® Es; + 33 ® Ex)

X (5.27)

+ [4(k¢2 —1)(k—1z(x+1)(x+ k:)] X
(Es3 ® Es; — Es3 @ By — Ex3 @ By + Es3 @ Egzt
Egy ® By — Egy ® gz — Egz @ By + F3z ® Esg)
1
- [4(k2 1)k — Dz — 1)z — k)] X
(Es3 @ Es + Eg3 @ By + Exp @ By — g3 @ By~
B35 ® By — B33 ® Ex3 — B33 ® Egz + B33 ® E) -
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Vertex D3 weight Staggered six-vertex weight

31 4k%2% sin(ug) sin(7p) }1 sin(ug) sin(7o)

32 4k?2% sin(ug) sin(7p) — 1 sin(uo) sin(yo)

33 —4k*2? sin(vyo — up) sin(ug) — X sin(7yo — uo) sin(uy)

34 —4k*z? sin(yo — uo) sin(ug) 1 1 sin(yo — uo) sin(uo)

35 4k*x? sin(o — uo) sin(7o) —i sin(yp — uo) sin(7p)

36 4k%z? sin(yo — uo) sin(yo) — 1 sin(yo — uo) sin(7o)

37 —4k%2?%(sin? (o) + sin(yo — up) sin(ug)) | —3(sin®(v0) + sin(yo — up) sin(uo))
38 —4k%2% (sin? (o) + sin(yo — up) sin(ug)) | —3(sin®(v0) + sin(yo — up) sin(uo))

Table 5.3: Correspondence between Boltzmann weights (continued). Vertices 31 to 38.

|1 ]
NN

Figure 5.7: A configuration of vertices in one row generated by the action of the transfer
matrix. The vertices on the far left and far right of the figure correspond to vertices
(9) and (35) in Figure The Boltzmann weights of these two vertices can be found
in tables and respectively where we observe that both of them have a * beside
them, meaning that their signs are opposite to the signs of the corresponding vertices
of the staggered six vertex model. The two minus signs cancel each other out. More
generally, the periodic boundary conditions ensure that there are will always be an even
number of vertices with opposite signs in the two models.

We now collect coefficients of each of the terms. The coefficient of, for example, E55 ®
Es;5 reduces to k(z? — 1)(z? — k%) 4+ 22(k* — 1)? which after applying becomes
—4k222[sin? (7o) — sin(yo — uo) sin(ug)], which is exactly the coefficient of vertex 37 in
Figure in both the D3 model and the staggered six-vertex model. The results for
the other coefficients are summarised in table 5.3l

Sign differences

As was briefly touched upon, there are some Boltzmann weights in the D2 construction
of the model that differ by a sign from the Boltzmann weights in the staggered six-
vertex version of the model. These vertices have been highlighted by asterisks in the
right columns of tables From Figure [5.6] we observe that all of these vertices
are such that there is one horizontal thick line and one vertical thick line. Observe then
that, as well as the conservation of the direction of arrows, all vertices conserve the
parity of the number of thick lines. In particular, if there is one incoming thick line
there must be one outgoing thick line, and if there are two incoming thick lines there
must be either two outgoing thick lines or no outgoing thick lines. A consequence of
this is that, when periodic boundary conditions are imposed, any given configuration of
vertices generated by a transfer matrix must contain an even number of these vertices
with asterisks, and hence the minus signs all cancel. This is highlighted in Figure [5.7]
Figure resolves the sign problem when studying the model with periodic bound-
ary conditions. With open boundary conditions, however, it is not so clear that the
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transfer matrices of the two models will be equal since, for a general open boundary
condition, we are allowed to have odd numbers of vertices which differ by a sign in the
two models. It will turn out nonetheless that the boundary conditions we are interested
in also preserve the parity of the number of thick lines and the transfer matrix will en-
sure that we again only encounter configurations with an even number of these vertices
with asterisks. This preservation of the parity of thick and thin lines turns out to be a
result of a symmetry under a lattice operator denoted by C, which was first introduced
in [54]. This operator is most conveniently expressed as

C=C1Cy- - Copy (5.28)

where
1
cosy
and e; is a generator of the Temperley-Lieb (TL) algebra [21], discussed in sectionm
Both the C' operator and the TL algebra will play important roles in what follows. We
shall discuss this more fully below.

Ci=1-

e, (5.29)

5.2 The open D3 model

The machinery required to tackle integrable models was introduced in section [£.3] We
have an R matrix that satisfies the Yang-Baxter equation and with periodic bound-
ary conditions this is all we need to construct the integrable transfer matrix in .
For an open integrable model we need a K-matrix that satisfies the boundary version
of the Yang-Baxter equation in addition to the R-matrix. We then construct an
integrable transfer matrix describing an open model using equation .

In the case that we are considering here, i.e., the D3 model, the parameters p and M
appearing in equation (4.12)) are given by [105] p = —log k and

M = diag(k,1,1,k71) (5.30)

Here we will consider a particular K-matrix that satisfies (4.10) [106]:

i) 0 0 0

0 oy vy o
EO=1 0 wm By o | (5.31)

0 0 0 Y\

with

Yi(\) = —e MNP +k), (5.32a)
Vi(\) = =N+ k), (5.32b)
V() = Yg()\):—%(1+62>‘)6)‘(1+k), (5.32¢)
Ys(\) = Yﬁ(A):%(e”‘—l)(l—k)eA, (5.324)

and we recall that v and k satisfy the relations (5.16). Recall now the discussion
at the end of section about the particular Boltzmann weights in tables
that differed by a sign when considering the D3 model and the staggered six-vertex
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Y
Y

Figure 5.8: Two rows of vertices constructed from the transfer matrix. The fact that
K becomes diagonal in the appropriate basis implies that the parity of the number of
thick lines is conserved. This ensures that there are an even number of vertices that
differ by a sign in the D3 model and the staggered six-vertex model.

model. This issue was resolved by noticing that, when periodic boundary conditions
are imposed, there is always an even number of these vertices and hence the transfer
matrix built from either R-matrix is the same.

Now that we are considering open boundary conditions we can no longer rely on
the same argument. Notice however, that in the basis defined in equation the
K-matrix in equation becomes diagonal:

Yi(\) 0 0 0

. 0 Ya(M)+Ys(N) 0 0
KW= g 777 Ya(A) = Ys(\) 0 (5.33)

0 0 0 Ya(\)

The K-matrix being diagonal ensures that we have conservation of both thick and
thin lines at the boundary and that in any given configuration we will again have an
even number of vertices that differ by a sign in the two models. See Figure for an
illustration.

The fact that the K-matrix is diagonal in this basis comes from the fact that it
commutes with the C-operator defined in equation (5.29)). The basis in was in fact
chosen since each of the basis vectors are eigenvectors of the C operator. The K-matrix
then satisfies

[K,C]=0. (5.34)

This symmetry will be discussed in more detail in section and it will turn out to
account for the extra degeneracies observed in the spectrum of the open D3 transfer
matrix/Hamiltonian.

5.2.1 Hamiltonian limit

The method of constructing an integrable Hamiltonian was outlined in section [4.3]
where the explicit expression of the integrable open Hamiltonian corresponding to the
transfer matrix of an open model was given in equation (4.25)).

Recall that the transfer matrix for the periodic case is given by (4.8) and the corre-
sponding Hamiltonian is again obtained by taking the derivative with respect to the

spectral parameter. Up to overall normalisation terms, the periodic Hamiltonian can
be written [54] 111]:

2L—1
H = 2cosy Z em — (Emem+1 + €m+1€m) , (5.35)
m=1
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where the TL generators e, satisfy (3.15). The open Hamiltonian in (4.25) can be

similarly written as

2L—2 2L—2
H = Ajese+ Aright +cos y(e1 +ear—1)+2cosy Z € — Z (émEm+1+em+1em), (5.36)
m=2 m=1

where Ajep and Ayigny are the boundary terms arising from the second and third terms
in equation (4.25) and can be written as

1sin 2y 0 0 0
sin®~y sin?
A — 0 - cosy e’ cosYy 0 ® H®2L_2 (5 37)
left 0 sin? _sin?y o 0 .
cosy cosy
0 0 0 —1sin 2
and
—1isin 2y 0 0 0
0 . sin? 4 iy sin? 0
_ T®2L—-2
g =120 | Sy iy s (5.38)
cosy cos 7y
0 0 0 7sin 2y

after subtracting terms proportional to the identity. The usual representation of the
TL generators e; in the vertex model are given by equation (3.16)), repeated here for
clarity:

0 0 0 0
: 0 e 1 0 :
L ®i—1 ®2L—1—1
e =1""® 0 1 &7 0 QI R (5.39)
0 0 0 0
but we shall need as well another representation of the TL algebra
0 0 0 0
; 0 7 -1 0 ;
5 ®i—1 ®2L—i—1
& =I""® 0 -1 e 0 ®I H (5.40)
0 0 0 0

which can also be checked to satisfy (3.15]). We can now write

‘2
sin® vy _ o 1 1
Aty = — cos €1 + isin2y (20f + 205) (5.41)
and )
sin“ -y _ .. 1 1
Asight = — o5 €ar,_1 — i8in 2 (QUf + 205) . (5.42)
By expanding the TL generators e; and €; in terms of Pauli matrices,
1 .
e = 3 lofof ) +olol | —cosyofof,, +cosy —isiny(of —o071)], (5.43a)
. 1 -
& = = |-ofof —olol | —cosyoioi, + cosy+isiny(of —of )] (5.43b)

2

we can see that the Hamiltonian (5.36) can be written entirely in terms of €; instead of
e;. The additional Pauli matrices in equations (5.41)) and ([5.42)) disappear, and we get

. 9 2L—2 2L—2
sin L _ - .
H = <cos7 " o 7) (é1+é2r—1)+2cosy E Em — g (Em€m+t1+Emt1€m), (5.44)

m=2 m=1
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which can be rewritten as

2L—1 202
1 e e oy ~ ~ ~ ~
H = _COS’Y(el + €21,-1) + 2cosy Z €m — Z (Em€m+1 + Emt16m) - (5.45)
m=1 m=1

Evidently, we can swap all of the €; — e; without changing the spectrum. Hence we get
finally

201 202
1
H= —Cosfy(el +ear 1) +2c087 > em— > (Ememi1 + emi16m). (5.46)
m=1 m=1

Since the Hamiltonian in (5.46) arises from a Hamiltonian of the form (4.25), it is
integrable and solvable by Bethe Ansatz. We present its Bethe Ansatz solution in
section 5.3

5.2.2 Additional symmetries

It was found in [I05] and [I06] that the transfer matrix (4.11))—or, equivalently, the
Hamiltonian (4.25)—has a particular pattern of degeneracies that suggests the open
chain is invariant under the action of generators of some quantum group. The observed
symmetry is very similar to what one would expect if the chain were invariant under
the action of the Uy(sl(2)) quantum group, but in fact we have even more degeneracies
than would be expected if the full symmetry group was U,(sl(2)).

Consider the degeneracies of the D3 chain in table compared with those of the
expected degeneracies from a chain with just Uy, (sl(2)) symmetry. Let us first explain the
notation. On the Uy(sl(2)) side, [j] denotes the spin-(j —1)/2 representation dimension
J, and more generally [j] refers to a j-dimensional representation of the corresponding
symmetry. A decomposition like 2[1] @& 3[3] @ [5], for example, means that there are
two eigenvalues with degeneracy 1, three with degeneracy 3 and one with degeneracy
5, corresponding to a total dimension of 2 x 1 4+3 x 341 x 5 = 16.

At size L = 2 we see that two of the 3 times degenerate eigenvalues in the Ugy(sl(2))
chain “become” a 6 times degenerate eigenvalue in the D3 chain; the symmetry group
of the D3 chain is higher. At this point it is useful to recall that a D3 chain of length L
means that there are N = 2L sites with spin %, since L is the number of “Potts spins”
in one row of the classical Potts model defined by the Hamiltonian . The D3 chain
of length L therefore has a Hilbert space of dimension 22

We can understand the extra symmetries by studying the limit of the D3 chain
when v — 0, where it will be shown in section [5.2.3] that the chain becomes that of two
decoupled open XXX chains, and that the extra symmetry comes from the permutation
of these two chains. The symmetry for finite v will be discussed in section [5.2.4]

5.2.3 The v — 0 limit
Consider the Hamiltonian in (5.46) in the limit v — 0:

2L—2 2L—2
H=(e1+e—1)+2 Z Cm — Z (emem+1 + emti€m) - (5.47)
m=2 m=1
Using the expression in ([5.43)), this becomes
L—1 L—1
H _ 1 ( x x Yy Yy z z ) - x T y Yy z -z
=73 02i-102i41T02i192i41T02i-102i+1) ~ 5 (031051420505 15+ 0503 19)
i=1 i=1

(5.48)
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L Uy (sl(2)) D3

2 2(1] @ 3[3] @ [5)] 201 @ [3] @ [5] @ [6]

3 5[1] @ 9[3] & 5[5] & [7) 31 @ [2] @ 3[3] @ [5] @ 3[6] @ [7] P 2[10]

4 | 14[1) @ 28[3] @ 20[5] @ 7[7] @ [9] | 6[1] @ 4[3] @ 4[2] @ 4[5] @ 12[6] @ 1[7] @ [9] @ 8[10] @ 3[14]

Table 5.4: The degeneracies of the D3 spin chain of length N = 2L compared with
those of the Uy(sl(2)) chain.

Eigenvalue Eigenspace Decomposition | Degeneracy
2\ 1) ® |1) 1) 1
223 3)© 13) 5)@ 3)e [1) 9
M+ | Do 3y [3)e 1) 6) 6

Table 5.5: Analysis of the spectrum of the D3 chain for L = 2, in the limit v — 0.

up to terms proportional to the identity. The Hamiltonian in is the sum of two
decoupled open XXX chains of length L. (A similar observation was made for the
periodic model in [54].) Note that for the XXX chain, a chain of length L means that
the Hamiltonian acts on L spin % sites, unlike the D% chain where a chain of length L
means that the Hamiltonian acts on 2L spin—% sites. This is most easily understood when
considering equation , where we observed that the D% chain becomes equivalent
to two XXX chains.

Consider first the case L = 2. The sl(2) symmetry of each individual XXX Hamil-
tonian is such that there are two eigenvalues, one non-degenerate and one three times
degenerate. The eigenvectors of each Hamiltonian are the so-called singlet and triplet
states which we will denote by |1) and |3) respectively. We will denote the correspond-
ing eigenvalues by A1 and A3. Now consider the Hamiltonian obtained by summing the
two XXX Hamiltonians. The situation is summarised in table There are clearly
three distinct eigenvalues given by 2\, 2A3 and A; + A3 with the degeneracies 1, 9 and
6 respectively. The eigenvectors of the full Hamiltonian are the tensor products of the
eigenvectors of the two individual XXX Hamiltonians. The eigenspace of dimension 9
comes about from the tensor product of the two spaces of dimension 3. We can de-
compose this tensor product into a direct sum of spaces |5), |3) and |1). Note that
this is just the usual tensor product of two spin-1 spaces into the spaces with spin 2,
1 and 0. The eigenspace with dimension 6 is more subtle. The eigenvalue A\; + A3
corresponds to placing the eigenvector 1) on one XXX chain and the eigenvector |3) on
the other. Clearly, we can swap the two chains to obtain another eigenvector with the
same eigenvalue. This results then in an eigenspace of dimension 6.

5.2.4 Non-zero v

In the v — 0 limit the even-dimensional eigenspaces of the Hamiltonian were understood
to be the result of the permutation symmetry of the two XXX chains. This symmetry
exists on top of the sl(2) symmetry. When v # 0, the sl(2) symmetry is replaced by
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Eigenvalue Eigenspace Decomposition Degeneracy

201 1) ® [17) 1) 1
MAA |19 16 1) 19 12) 2
A +A3 [ [19)@ 39 e 39 e [19) 6) 6
MA+N | 1Me 3)e 3% e 19 6) 6
AL+ | 1)@ 396 [39)® [17) 16) 6
A+ s 1M ® [5) @ [5) @ [1%) |10) 5

2)8 %) @ [1°) 1) 1
N+A | 1o 39e 39 [1°) 6) 6
MN+A3 | 1) e [3)e [3°) e (1) 6) 6
AN+ | 1he 39)e 39 17) 16) 6
A+ A e Be |5 1% |10) 5

23 3%) @ [3%) 5)& [3)® [1) 9
MAXN | B 3)e 3% e (39 [10)® [6) & [2) 18
NG+ A5 13 ® 3% & [3°) ® |3%) |10) @ |6) & |2) 18
A§ + s 139y ® |5) @ [5) ® |3%) |14) & |10) & |6) 30

224 3%) @ [3) 5)@ [3)& [1) 9
M+As | 13)e 39 39 e [3%) |10) & |6) & |2) 18
A+ s 3 e 5o |5 3% |14) @ [10) @ |6) 30

273 39 ® [3°) 5)® [3)& [1) 9
A§ + A5 139 ® [5) @ [5) ® |3°) |14) & |10) & |6) 30

2Xs5 15) ® |5) 9Yd e |5d |3)d 1) 25

Table 5.6: Spectrum of the D3 chain with L = 4, in the limit v — 0.
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Uy(sl(2)) and the permutation symmetry is replaced by a symmetry under the action
of the operator C as will now be discussed.

First observe that the eigenvalues of C are all +1. Then, since [H, C] = 0, any eigenspace
of H is invariant under the action of C'. The even degeneracies in the eigenvalues come
from the coupling of two eigenspaces of C', with eigenvalues +1 respectively, under the
action of H. Consider for example two linearly independent eigenvectors of H, |11)
and [i2), with the same energy eigenvalue. We therefore have that |i3) = |11) + |12)
and |Y4) = [11) — |[12) are eigenstates of H. If it is the case that |¢1) has eigenvalue
1 under the action of C but |1)2) has eigenvalue —1, then C|y3) = [14) and Clps) = |1)3).

One can indeed check that the even degeneracies of H come from linear combinations of
eigenvectors of C' with eigenvalues 1 and —1 and that all of the odd dimensional spaces
are linear combinations of eigenvectors of C' with eigenvalues that are either 1 or —1.
We have checked this fact for sizes up to L = 4, and we conjecture it to hold true in
general.

5.3 The Bethe Ansatz solution

The advantage of having an open boundary condition that stems from a solution to the
boundary Yang-Baxter equation is that the model should admit an exact solution.
In particular, the Bethe Ansatz equations corresponding to the K-matrix defined in
(5-31)—(5.32)) have been found in [105] and [106], using the analytic Bethe Ansatz method
presented in section [£:3] When the additive and multiplicative normalisation constants
of the Hamiltonian are defined as in , the Bethe Ansatz solution tells us that the
energy eigenvalues are given by

m .9
28in”(27y)

Ep2 = 5.49

D3 ; cosh2); — cos 2y’ (5.49)

where the \; are solutions to the Bethe Ansatz equations (BAE)

[smh(/\ + w)} 2L ﬁ sinh ( 73 - ’\2—" + 1) smh( + )"c + i) (5.50)
sinh(A; — i) k=1, kj Sinh ’\73 — )‘2—1“ - zfy) smh( + ’\7’“ — Z’y) '

We once again study the finite size scaling of the energy eigenvalues using equation

(4.28)), repeated here for clarity:

EzfoLJrfs—mF(“Z“_ero(i) ; (5.51)

where L is the system size, c is the central charge, h is the conformal dimension of the
primary field corresponding to the eigenvalue under consideration, fy is the bulk energy
density and fs is the surface energy. The Fermi velocity vg for the present model was
calculated in [54] and is given by

o — 27 sin(m — 27) . (5.52)
T — 2y
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It is found that, in the continuum limit, the generating function of levels is

Z= i@m +1) 2, (5.53)

m=0

where Z,, is the generating function corresponding to the antiferromagnetic Potts model
with free boundary conditions, given in [32] as

B — & oo ) © .
2= Lo (12 [ gremtson 3 oo | ) o
n*(q) = =
where )
hm:m(m];—)’ (5.55)

with m € Z and v = 7. Moreover, 7(q) is the Dedekind eta function, and ¢ denotes the
modular parameter. The central charge c is given by
6

c=2— 7 (5.56)
These values for the central charge and critical exponents will be derived
analytically in sectionby mapping some of the solutions to to solutions of the
Bethe Ansatz equations of the open XXZ Hamiltonian with some particular boundary
conditions. Section Will then consider solutions to that do not correspond to
solutions of any XXZ Bethe Ansatz equations. Some examples of these other solutions
to (5.50) will be presented and the scaling behaviour of the eigenvalues corresponding
to these solutions will be shown to reproduce the first few terms in . In section
the generating function defined in will be observed by direct diagonalisation
of the Hamiltonian for a range of values of ~.

5.3.1 The XXZ subset
Even number of Bethe roots

Consider solutions to the BAE ([5.50)) of the form

X = o) +ig, (5.57a)
N = af—ig, (5.57b)
so that becomes
[cosh( ? + i) 2 - ﬁ smh(%g - %2 + i) COSh(%? + %2 + i)
cosh(a? — i) B k=1,k4j sinh(%g - %2 — 1) cosh(%g + %’2 — i) (5.58)
ﬁ COSh(%g — %’1“ + i) smh(%? + %’1“ + i) |
k=1 cosh(%g — O;—’l“ — ) sinh(%? + %’1“ — 1) ,

while the oz} can be seen to satisfy a similar equation. Taking the subset of solutions
where

) =a} =ay, (5.59)
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equation ([5.58) becomes

cosh(a; + i) 2L sinh(ay —iy) ﬁ sinh(o; — ay + 2i7y) sinh(a; + oy + 217)
cosh(aj —iv)| sinh(aj +ivy) _sinh(oj — o — 2i) sinh(ay + oy — 2i7y)

k=1,k#j
(5.60)
Consider now the open XXZ Hamiltonian with boundary fields H and H':
=
Hxxz = -5 [Z(aipafﬂ +o0}o!  —cosyoioi, )+ Hoi +Hoj| . (5.61)
i=1
It was shown in [82] that the eigenvalues of Hxxyz are given by
™ 9sin? 1
0
E=- —(L—-1 bound t . 5.62
I; S — + 2( ) cosyp + boundary terms (5.62)

The second term and the boundary terms in are not important here, since we are
interested in looking at the CFT properties in the thermodynamic limit Which we can
calculate from the terms proportional to 5. The m’ Bethe roots jy, in are given
by the solutions to the BAE

sinh(p; + zl;) smh(,uj + iA) sinh( uj +iA') H — W + ivo) sinh (g + pg + 170)
sinh(p; — %) sinh(p; — @A) sinh(p; — @A) oy — pk — 1y0) sinh(p; + pk — iv0)
(5.63)

where the parameters A, A’ are defined in terms of the boundary parameters H, H' as

: H—A—¢0
2N
- (H—A)eno —1 (5.64)

and similarly for A’. Compare the energies in equations (5.62) and (5.49) and set
Yo =T — 27 as in (5.15). We then have that

m

2sin? v,
Ep =— 5.65
D3 Z; cosh 2ay, — cos g’ (5.65)

where the aj were defined in equation and subject to . Observe that the
form of the energy in equation is precisely the same as the energy of the XXZ
chain in equation (5.62)) if we have ay = pg, up to the boundary and bulk terms that
will only contribute to the O(1) and O(N) terms which we are not interested in here.

We can ensure that oy = ug by comparing (5.63) with (5.60) and setting

m = 2m, (5.66a)
A = g % (5.66b)
AN o= 0, (5.66¢)

which ensures that the solutions to ([5.63)) are identical with the solutions of (5.60) and
hence

Eps = 2Exxz. (5.67)
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Now we can use the known scaling behaviour of the open XXZ chain to study the
scaling behaviour of some states in the D3 chain, namely the subset of states satisfying
. We have from [82] that, for general A, A’, the effective central charge of the
lowest-energy state the XXZ chain (corresponding to the critical exponent h) with total
magnetisation S is given by

Cep =1 — (5.68)

™

6 Yo+ A+ A —27S(1 — 2)\?
Y0 1— :

Using then the fact [112] that the Fermi veloctiy U() of the XXZ model is given by %

where vp is defined in , and using also - and (5.67)), and setting v = 7,

we obtain that the effectlve central charge Ceg of a state in the DQ model is

6
Cott = 2cer =2 = 2 (1 + 489)%. (5.69)

From the bulk central charge of the staggered six-vertex model [32] given in ([5.56) and
the relationship between the critical exponent h and the effective central charge

C — Coff

h = 5.70
3 (5.70)
we can obtain ( )
1 1 S(25+1
=—— 49)* = 71
h 4k+4k(+S) ’ (5.71)
Setting now [ = 25 we have:
(l+1

with [ an even integer. The critical exponents of the antiferromagnetic Potts model
with free boundary conditions are actually given by for all [ integer [107], but
the analysis here only recovered the exponents for [ even, since we only considered an
even number of Bethe roots m. We will now consider solutions to the Bethe Ansatz
equations with an odd number of Bethe roots and will recover the exponents for
[ odd.

Odd number of Bethe roots

The analysis in the preceding section considered solutions with an even number of Bethe
roots and hence recovered the critical exponents of the antiferromagnetic Potts model in
equation corresponding to even sectors of magnetisation. We will now consider an
odd number of Bethe roots and derive the Critical exponents for l odd. Consider
solutions to the Bethe Ansatz equations in of the form in ) but with one
additional root, )\0 =i%. We now have one more root of the form )\0 than roots of the
form )\1 and this addltlonal root has vanishing real part. We can go through the same
analys1s that led to ( - for the m even case, finding now

[cosh(aj + w)] 2L sinh(aj; — 2i7y) sinh(a — i) ﬁ sinh(oj — ay, + 2i7y) sinh(a; + oy + 2i7)

cosh(a; — i) Slnh(a] + 2i7y) sinh(a + i) smh — oy — 24y) sinh(ay + o, — 2i7y)

(5.73)
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when m is odd. Now compare the Bethe Ansatz equations in (5.73]) to the XXZ Bethe
Ansatz equations in (5.63). When we set

m—1 = 2m, (5.74a)
A = g - % : (5.74b)
AN = 7m—1, (5.74c)

applying again ([5.15)), then the solutions «; to (5.73|) will be the same as the solutions
to (5.63) and we will once again have that the energy of the D3 chain is equal to twice

that of the XXZ chain as in (5.67)). Using (5.68) with the A, A’ taking values in (5.74)
we find 6
2

Coff = 2Cef = 2 — %(45 - 1)
Now using ([5.70) we finally obtain
25(25 -1
h — S(‘i) ,

which is equivalent to (5.72) for [ =25 — 1.

(5.75)

(5.76)

5.3.2 Other solutions of Bethe Ansatz equations

We have so far managed to use the Bethe Ansatz solution to derive the critical expo-
nents and central charge which provides a lot of evidence that the particular
boundary conditions under consideration are in the same universality class as the anti-
ferromagnetic Potts model with free boundary conditions. In order to be sure of this,
however, we need to check that the full spectrum of the model is consistent with the
generating function . In other words, we have so far only confirmed that the first
term in the expansion of Z,, in is consistent with the critical exponents
derived in section but we need to study the excited states in the chain to compare
with the other terms. We will do this by finding solutions to the Bethe Ansatz equations
that are not of the form (5.57)).

We shall present some solutions for the test case v = ¥ and show that the results
are indeed consistent with . Section will then show by direct diagonalisation
for a range of values of v that is indeed the correct generating function of levels
for the spin chain. We will consider separately the cases with total magnetisation n
equal to two, one and zero. Note that in our notation m is the number of Bethe roots
in any given solution to the Bethe Ansatz equations . Solutions with m = L
roots correspond to states in the zero magnetisation sector and more generally, when
we define:

m=L-—n, (5.77)

the solutions with m Bethe roots correspond to states with magnetisation n.

The n = 2 sector

The Bethe Ansatz equations (5.50|) are more easily handled when cast in logarithmic
form:

. . . m . h .
2L log (smh(w + )\J)> oinl+ Z [log (sm (iy +

sinh(iy — A;j) My Y sinh(iy —

(Aj — Ag) o sinh(iy +
(Aj —Ak)> ! g(

[SIEENSIE
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where the I; are integers introduced as a result of the periodicity of the logarithms.

Now consider solutions of the form (5.57). Equations (5.78]) become

cosh(i~v + of mO sinh(iy + 1 (a0 — a?
ortog (CMTEON) _pinn s 3 g (SO sl b
cosh(iy — %) el k;éj sinh(iy — E(O‘j — O‘k)
cosh(i —l—fa'—}-oz cosh(iy + 5 (o — «
+ D log o ?( g Zlog 07+ 5 / ’f) (5.79)
kTt cosh(iy — g(a + ozk cosh(iy — 5(ogj —al)

-z sinh(iy + (9 + o)
7 k
+zlog<. i),

where m? and m! are the number of roots of the form /\9 and )\]1- respectively. Note
that the Bethe numbers I]Q now take half-integer values when m® 4+ m! is even, and
integer values when m® + m! is odd. An equation similar to holds for the ajl-
roots and the Bethe numbers in that case are written as I ]1 It is convenient to define
the functions

k(\) = —ilog <ZZZ£EZ§§§> : (5.80a)
O = —ilog Ciziézf %;) , (5.80b)
2

cosh(iy + 3)
0'(\) = —ilog| ———22] . .80c
) & (cosh(w - %‘)) (5.80c)

Equations (5.79)) then become

1 1
2Lk(a?) = 271']]0 +6° <2(a9 - a%)) + 6! (2(049 + a2)>
(5.81a)
1 1
+6! (2(04? - a,b) +6° (2(a9 + a,lc))
and
1 1
2Lk(« ) = 277[1 + 6! (2 a - a2)> +6° (2(04]1 + a2)>
(5.81b)
+6° (;(ajl - a,ﬁ)) + 6! (;(%1 + a,lg)) )
It is found that the following configuration of Bethe numbers
= j- L (5.82a)
J 2’ :
o1
I = j— 3 (5.82D)

leads to a unique solution of (5.81]) corresponding to the lowest-energy state in the
particular magnetisation sector under investigation. These are the states that result in

the critical exponents (5.72]).

This section will consider the magnetisation sector n = 2, so that there are a total

of m = L —2 Bethe roots, and the structure of the Bethe roots corresponding to excited

states that are presented here are valid for v = Z. To create an excited state in this
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oot e e o . Figure 5.10: Bethe roots
for L = 32 corresponding
to an excited state in the
n = 2 sector with v =
Z. The Bethe numbers on
the two lines are shifted by
nY = 3 and n! = 1 respec-
tively.

Figure 5.9: Bethe roots
for L = 32 corresponding
to the lowest-energy state
in the n = 2 sector with

V=35

sector and for this particular value of v we can shift some of the Bethe numbers in (5.82
to the right. In particular, if the lowest-energy state with the configuration in ([5.82
corresponds to a critical exponent h, then if we shift the largest n® Bethe numbers in
the set I]Q by 1, and if we shift the largest n' Bethe numbers in the set I} by 1, then we
will find a solution to the Bethe Ansatz equations in and that results in
a descendent state with critical exponent h +n® + n'.

Consider the following example: take L = 8 and the following configuration of Bethe
numbers:

1
I?:§7 IQO 227 13?227
2 2 2 (5.83)
=201 =51=-.
1 2> 2 27 3 9

These Bethe numbers correspond to a total shift of n®4+n! = 241 = 3, hence we expect
that in the thermodynamic limit a state of this form corresponds to a critical exponent
ho 4+ 3 where ho is the critical exponent in with [ = 2. Observe then that for a
given gap of n¥ + n! there are n® + n' + 1 ways to realise this gap, since after fixing
n® + n' there are n® + n' + 1 possible values of n® which in turn fixes n!. Examples of
solutions of this form are shown in Figures [5.9H5.10

There are solutions to , however, that do not have the form . An example
of a solution of this kind is shown in Figure where there is one root with zero
imaginary part, one with zero real part, and all of the other roots have imaginary
parts that lie close to =7 and are complex conjugates of each other. By studying the
scaling behaviour of the state in Figure [5.11] we observe that it corresponds to a critical
exponent h; + 2 with h; given by with [ = 2. Using the solutions presented, in
addition to the fact that we can always create a new solution to @ by shifting all
Bethe roots by +im, we can reconstruct the first three terms of Zs in @ for v = Z.

The n = 1 sector

We will now consider an example of solutions to ([5.50|) in the n = 1 sector, i.e. with

m = L — 1 Bethe roots, again at the particular point v = Z. As is the case for all

sectors, the solution corresponding to the lowest-energy state is of the form (5.57). An
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Figure 5.11: Bethe roots
for L = 32. A solution to
the BAE in the n = 2 sec-
tor with v = Z.

Figure 5.12: Bethe roots
for L = 32. Lowest-energy
state in the n = 1 sector
with v = £.
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Figure 5.13: Bethe roots
for L = 32. First excited
state in the n = 1 sector

Figure 5.14: Bethe roots
for L = 32. Ground state
in the n = 0 sector with

with v = £. y=%.

example of such a solution is shown in Figure Since there is an odd number of
Bethe roots in the n = 1 sector, the analysis of section [5.3.1] applies and the critical
exponent corresponding to the lowest-energy state is given by with [ = 1. The
solution corresponding to the first excited state in this sector is shown in Figure ([5.13)).
This solution has one Bethe root with zero imaginary part and all of the other roots
have imaginary parts that lie close to 5 and are complex conjugates of each other. The
critical exponent corresponding to this state is given by h1+1 and is therefore consistent

with the form of Z; in ((5.54).

The n = 0 sector

There are m = L roots in the magnetisation n = 0 sector. The ground state is of
the form and a solution for L = 32 and v = £ is shown in Figure In the
thermodynamic limit, a state of this form corresponds to a critical exponent h = 0,
corresponding to [ = 0 in equation . The first excited state is of the form shown
in Figure where we observe that all but two of the roots are on the lines with
imaginary part § and the remaining two roots have imaginary parts 0 and 7. All of the
roots come in pairs differing by +iw. This state results in a critical exponent h = 2 in
the continuum limit, corresponding to the first term of Zy in . The next excited
state is of the form shown in Figure [5.16] There is one root with zero imaginary part,
one with imaginary part equal to 7, and all of the other roots come in complex conjugate
pairs with imaginary parts very close to 7. This state results in a critical exponent
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0.5 1.0 1.5 20

Figure 5.15: Bethe roots
for L = 32. First excited
state in the n = 0 sector
with v = %.

I I I I
0.5 1.0 15 20

Figure 5.16: Bethe roots
for L = 32. Second ex-
cited state in the n = 0
sector with v = %.

h = 3 and corresponds to the next term (5.54)).

5.4 Other Temperley-Lieb representations

We have until now been considering the Hamiltonian in (5.46)) with the e,, defined in
terms of Pauli matrices by . This is known as the vertex-model representation of
the TL algebra , but there are others representations that we can consider. We
will consider the loop representation of the TL algebra in section [5.4.1] and the RSOS
representation in section [5.4.2]

5.4.1 Loop representation

The loop representation of the TL algebra was introduced in section We can
study the Hamiltonian in with this loop representation of e;. By studying the
scaling behaviour of the eigenvalues of the Hamiltonian it is found that the generating
function in the continuum limit, in the sector with 2j through lines, is given by Z;,
defined in . The full generating function is then given by

Z = f: T s (5.84)

which, when compared to , is seen to be the same as the generating function in
the vertex representation, except that there is a restriction to the highest-weight states
of the quantum group symmetry U, (sl(2)). It is also worth pointing out that the Bethe
Ansatz has previously been applied to other loop models [113] [114].

5.4.2 RSOS representation

RSOS models were discussed in section and the RSOS representation of the TL
algebra was defined in equation and Figure It was found in [32] that the
generating function of the antiferromagnetic Potts model with free boundary conditions
in the RSOS representation is given by the string functions c?, i.e. the generating

function of levels in the Zj_o parafermion CFT. The general form of the string functions
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¢/* are given by [73]:

1 5 (414201 k)2 (m42ng(k—2))2
@ = n(q)? . (=1)*"sign(n1)g — * - (5.85)
nl,nQGZ/Z
ni1—noE€Z

n1>|nz2l,—n1>|n2|

and | = |hy41—hi| is the difference between the heights on the left and right boundaries.
We observe the same generating function in the continuum limit when we take the RSOS
representation of the TL algebra in the Hamiltonian (5.46|), once again using finite size
scaling.






Chapter 6

A Non-Compact Boundary
Conformal Field Theory

Previous chapters have used a combination of techniques to study the open antiferro-
magnetic Potts model in its various formulations as a loop model, a vertex model and
an RSOS model. In particular, chapter[3|used a combination of algebraic and numerical
techniques to study the underlying boundary CF'T of the model with the new boundary
conditions that were presented there. Chapter |5 found an exact mapping between the
vertex formulation of the antiferromagnetic Potts model and the integrable D3 model,
and hence used the Bethe Ansatz to study the continuum limit in that case. We recall
now the discussion from the introduction to chapter 4] and in particular Figures and
where the use of Bethe Ansatz techniques was motivated by their potential to study
very large lattices and hence be used to understand models with a non-compact contin-
uum limit. However, the boundary conditions that were so far studied using the Bethe
Ansatz did not produce a non-compact continuum limit and were instead described by
the generating function in equation which clearly generates a discrete spectrum
- and therefore corresponds to a compact boundary CFT.

In this chapter we will consider a different D5 K-matrix that we will show produces
a non-compact continuum limit. We will start with the same strategy as was used in
chapter o] i.e. take advantage of the mapping between the AF Potts model and the
D32 model by interpreting a D3 K matrix in the language of the Potts model and its
vertex formulation. We will show that the Hamiltonian of the model with this new
K-matrix also has a very convenient form in terms of the Temperley-Lieb algebra, see
equation . Furthermore, we show that this K-matrix has a simple interpretation
in the language of the transfer matrix, see equation .

The fact that the D3 K-matrix that we will consider here satisfies the boundary Yang-
Baxter equation introduced in section means that the D3 model is integrable with
these boundary conditions. However, a complete Bethe Ansatz solution has, until now,
been lacking. We present here an exact solution of the model with these boundary
conditions which allows us to study the continuum limit and show that it is indeed
described by a non-compact boundary CFT.

This chapter is structured as follows: in section the K-matrix under consideration
is introduced and its corresponding Hamiltonian in terms of Temperley-Lieb algebra
generators is derived. A construction to move between the geometry of integrable models

109
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and the geometry most natural in the context of AF Potts and of loop models is reviewed
and applied to the present case, allowing us to derive a loop model interpretation of the
new boundary conditions, this key result is given in equation . Section derives
the complete exact solution of the model and section studies the properties of the
CFT describing the continuum limit. Finally in section [6.4] it is shown that there is a
renormalisation group flow between the boundary conditions presented in this chapter
and those of chapter [5], giving rise to a renormalisation group flow from a non-compact
boundary CF'T to a compact one.

6.1 New Boundary Conditions

Let us start by writing the K-matrix that was first presented in [I15]. We have:

—sinh(A — n) 0 0 0
K-(\) = 1 0 cosh Asinhn  —sinh Acoshn 0
sinh(\ + ) 0 —sinh Acoshn  cosh Asinhn 0
0 0 0 —sinh(A —n)
6.1)
where the correspondence with our previous notation (defined in section is:
A= 2 (6.2)
n=1vy

We take K~ to act on the left boundary. As always, we also need a K+ matrix for the
right boundary and we take:

KT\ = K (A +2n)'M (6.3)

where M is defined in equation (5.30)).

6.1.1 The Hamiltonian limit

To calculate the Hamiltonian corresponding to the K-matrix in we can no longer
use the usual definition in equations and because we have Tr K (0) = 0.
We must therefore define the Hamiltonian as the second derivative of the transfer matrix
which gives [116]:

L-1

H = _1"0)  _ ZH. . +1K_'(0)
S AT +24) 2 ditl T g
1 ,
er(Tro(Ko+ (0))Gro + 2 Tro(Ky (0)Hro) + Tr(Ky (0)Hiy))
(6.4)
where the quantities A,T and G are defined by:
Tro K (0)Hpo = Al
T =Tr K+ (0) (65)
d2R~7 i+1 (u = O)
Gjjr1 = Pjjn ”duQ

The general form of the open Hamiltonian was written in (5.36|) and is repeated here:
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2L—2 2L—2
H = Al + Aright +cosy(e1 +ear—1) +2cosy Z em — Z (emem+1+em+1€6m), (6.6)
m=2 m=1

The terms Ajef; and Ayigny correspond to the second and third terms in . The
K-matrix in is written in the basis in , but to understand its Temperley Lieb
interpretation we need to write it in the basis in . After this basis change, and up
to constants proportional to the identity we find for Ajee and Apigne:

0 0 0
o 0 S_iry ]. O ®R2L—2
Arete =cosy [ o iy | @ (6.7)
0 0 O
and
0 O 0 O
0 e 1 0
. 7®2L—-2
Arlght — ]:[ ® COS 7y 0 1 ei,y 0 (68)
0 0 0 O
So the total Hamiltonian in becomes:
2L—1 2L—2
H = 2cos~y Z ej — Z (€j€j+1 + €j+1€j) (69)
j=1 j=1

We remark that is an extraordinarily simple result - let us take a moment to
compare it to the periodic model. The Hamiltonian of the periodic model is defined as:

L 2L
1 . dR 1
Hperiodic = 5 sin 27; ;77”% = mZZI (2 COS7Yem — (emem+1 + em+1em)) (6'10)

We see then that is in some sense a very natural open Hamiltonian since we
can obtain it just by changing the limits in the sum in the final expression in ([6.10)).
However, if we tried to do this by defining an open model in the following way:

1 L—-1 dR 2L—2 2L—2
. ntl
Hopen = B sin 2+ § STM_ = cosy(er +ear—1+2 § em) — E (emem+1+em+16m)
n=1 m=2 m=1

(6.11)
we see that the result is a Hamiltonian with different coefficients for the e; and eqr_q
terms. This is the Hamiltonian we would get from setting the K matrices equal to
the identity, (however the identity operator does not satisfy the boundary Yang Baxter
equation and hence is not an integrable boundary condition). By comparing with
we see that the K-matrix in ensures that all the e; terms get the same coefficients.

6.1.2 Geometry change

The two open integrable models that we have so far considered are described by a
transfer matrix of the form in equation . The diagrammatic form of this transfer
matrix is shown in Figure , and similarly in Figure Notice however that this
geometry is quite different from the open vertex model of Figure and 310 In
particular, the vertices in Figure [3.10] are rotated by 45° with respect to the vertices in
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U+ wq U+ wa U+ ws U+ wa

Kt (u)

u — w1 U — w2 u — w3 U — w4

Figure 6.1: The geometrical interpretation of the transfer matrix in equation 1)

J
- -
K~ (u) Fﬁ 2 | v
) J2u ) J2u

Figure 6.2: The geometrical interpretation of the transfer matrix in (6.12) when the
parameters w; are given by equation (6.13).

Figure , which means that the way we implement the boundary condition in each
model must be quite different. From the discussion in section [3.1.1] it becomes clear
that the geometry of Figure is the most natural one in which to study the Potts
model and its loop model formulation with open boundary conditions, since in this case
the conformal boundary conditions have a simple lattice interpretation. To study these
models using the tools of integrability however we require the model to be defined on the
lattice of Figure Fortunately, it was discussed in [I17), [118] that one can transform
an integrable model defined on the lattice in Figure [6.1] into one defined on the lattice
of Figure [3.9] where the boundary conditions have a more natural interpretation and
the model remains solvable by Bethe Ansatz. This procedure will be reviewed in the
next section, and the K-matrix in equation will have a simple interpretation in
terms of a boundary condition on the lattice in Figure [3.10

6.1.3 The Transfer Matrix

The open integrable transfer matrix of equation (4.11) can in fact be generalised to
include inhomogeneous spectral parameters on each line, meaning that the spectral
parameter is altered by parameters w; at each vertex while leaving the model solvable
by Bethe Ansatz. The form of the transfer matrix of a model with these altered spectral

k-l 2u Tro (Ko (u) ™ Ryo(2u))

2u 2u

Figure 6.3: A rearrangement of the lattice in Figure - the two lattices are topologi-
cally equivalent and correspond to the same transfer matrix.
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parameters is:
t(u) = Try K (u)Rar (v + wr)... Ra1 (v 4+ w1) K, (u)R1g(u — w1)...Rpa(u —wp) (6.12)

The graphical depiction of this transfer matrix is shown in Figure [6.1] Now the main
idea of this construction is to choose the parameters w; in such a way as to make
the transfer matrix proportional to one describing the model on the rotated lattice of
interest. Consider the following choice of the parameters w;:

wj = (=1)7*1y (6.13)

Since the R-matrix is proportional to the permutation operator when its argument is
zero, (or equivalently, the R-matrix is proportional to the identity operator: R(0) = 1),
this choice of the w; transforms Figure [6.1] into It can be easily seen then that
Figure [6.2] can be redrawn as Figure [6.3] which is the vertex model defined on lattice
that we are interested in, i.e. the lattice of Figure [3.90 The Boltzmann weight of the
vertices in the bulk are now captured by the R-matrix with spectral parameter 2u,
the Boltzmann weights arising from interaction with the left boundary is captured by
K~ (u), and Boltzmann weights from interactions with the right boundary are described
by Tro(Ko(5) " Ryo(u)).

Let’s now see how this works for the present K-matrix under study, i.e. that of
equation . Firstly we must consider a technical point. Recall from chapter |5 that
the D3 R-matrix was equivalent to the block R-matrix from the staggered six vertex
model in Figure If we apply the construction just outlined to this block R-matrix
and the corresponding K-matrix, the lattice that we end up with is shown in Figure
where the dotted lines are where the vertices live, and the full lines are the tiles
surrounding these vertices, just as in Figure Recall now from equation the
form of the block R-matrix in terms of Temperley-Lieb operators, repeated here for
clarity:

Riiv1 = (v + e) (1 + wegi—1)(1 + eit1) (@ + e2) (6.14)

The full lattice model and its Boltzmann weights then is that shown in Figure[6.5] where
each term of the form 1 4 xe; or x + e; corresponds to one of the vertices comprised of
dotted lines in Figure 6.4

Recall from section that the isotropic point of the model is the point at which
the parameter x is the same on both even and odd tiles in Figure 6.5 corresponding
to the equality of horizontal and vertical couplings in the original formulation of the
classical Potts model (equation (3.1))). The general form of z in terms of the spectral
parameter u is given by [37]:

sinu
u) = R po— (6.15)
It is easily verified [37] that the value of the spectral parameter ug that corresponds to
the isotropic point is given by:
~

T
==+ 1
uQ 2+4 (6 6)

As can be seen from Figures and we must consider the K-matrix on the
left boundary with half the spectral parameter of the bulk. The next task then is to
calculate K~ (“70) and interpret it as a physical boundary condition. Equation 1)
gives:



114CHAPTER 6. A NON-COMPACT BOUNDARY CONFORMAL FIELD THEORY

O &

>

Figure 6.4: The lattice from Figure[6.3| but when with a block R-matrix such as that in
Figure [5.4] The dotted lines in the Figure are the edges of the vertex model. The full
lines in this Figure are just the tiles that surround these vertices.
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Figure 6.5: The lattice from Figure with the action of the R-matrix and K-matrix
written in place of the vertices.
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sin 3 —cos 3

—r——3 0 0 0
in 3 3y
sin - +-cos -
0 sin y(cos 3 —sin J) — cosy(sin 3 +cos 3) 0
K- (@) _ sin 377+Cos 3% sin 37’\/+COS 3%
2 — cosy(sin 2 +cos ) sin~y(cos 4 —sin )
0 in 3Y 37 i Y 37 0
sin 5" 4-cos 5 sin S-4-cos 5
inX— X
0 0 0 sin 3 —cos 3

sin 2 toos 2
sin 5 +-cos 5

(6.17)
This K-matrix is written in the basis of (5.8)) so to understand it in terms of the vertex
model we must write K~ (%) in the basis of || After doing so, we finally arrive at:

sin 2 —cos 2
K- (ﬂ) N e Al B b S (6.18)
2 sin 3 + cos 3

We furthermore have from equation (6.15) and (6.16)) that the isotropic value of x is

given by:

in X 0l
S1n2—|—0082

= 6.19
z(uo) sin 3 — cos 3 (6.19)
and hence: u
K~ (?0) x I+ xe; (6.20)
A similar calculation for the right boundary leads to:
U
TI"()(K(_)‘— (30) RL()(U())) x I+ zegr_1 (6.21)

To arrive at the result in (6.21f) one must be careful with the form of the R-matrix used.
Recall from section that the R matrix of the D3 model differed from that of the
staggered six vertex model by some minus signs of certain matrix components. The
result in is only valid for the D3 R-matrix.
These two results allow us to write the full transfer matrix corresponding to Figure
as:
T=004=ze) - (1+zeap_1)(x+e2) - (x+ear—2), (6.22)

Compare this with the transfer matrix corresponding to free boundary conditions in
the AF Potts model considered in equation (3.47) in section We observe that the
transfer matrix in is obtained from the transformation x — %, up to an
irrelevant overall constant term. The transformation z — % is the duality transforma-
tion discussed in section [3.1] We have therefore shown that the boundary condition
defined by the K-matrix in equation is equivalent to the dual of free boundary
conditions in the antiferromagnetic Potts model.

6.2 Finding an Exact Solution

The preceding sections have shown that the K-matrix in equation has a very clean
and convenient interpretation in the Hamiltonian formulation - see equation - as
well as the transfer matrix formuation - see equation . However an exact solu-
tion of the model with these boundary conditions has, until now, been lacking. (Note
that this is unlike the boundary conditions from equation where the solutions
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to the Bethe Ansatz equations were studied in [119]). In [I20] the authors presented a
set of Bethe Ansatz equations that successfully accounted for a significant part of the
spectrum of the model with the boundary conditions in , but many states in the
spectrum could not be accounted for by this Bethe Ansatz solution. We present here a
slight modification to the Bethe Ansatz solution of [120] which accounts for all of the
states in the spectrum.

We start with a brief review of the partial solution presented in [120], where the goal
was to calculate the eigenvalues A(u) of the transfer matrix of equation (4.11]) with the
K-matrices given in (6.1]). We have:

A(u) = p(u)A(u) (6.23)
where
_ sinh(u) sinh(u — 2n)
olu) = sinh(u 4 n) sinh(u — 37) (6:24)
and
AMu) = Zi(u) + Za(u) + Z3(u) + Zy(u) (6.25)
where Z;(u), Zo(u), Z3(u) and Zy(u) are defined as follows:
oy @uANQUu i) T
21 = () G a— - iy LL 165 e = 2m) (620
Za(u) = b(u) QUu = 3n)Q(u +n + i) H 16 sinh® (u — 2n) sinh?L (u) (6.27)

Q(u—n)Q(u —n + i)

Z3(u) = b(—u + 2n) %(&t?)%(&_—?j; H 16 sinh?L (u — 2n) sinh®F (u)  (6.28)

Zu(u) = a(—u + 2n) Q&u__?’z;ggu : 2’7:@;” H 16 sinh™" (u) (6.29)

where we have:
cosh?(u — 2n)

a(u) = cosh(u — 1) (6.30)
bu) = coshjzs)h(;()(zh(_un—) 2n) (6.31)
= H sinh(%(u —uj)) sinh(%(u + uj)) (6.32)

where the u; are the Bethe roots that can be found in the usual way by requiring that
the residues of the poles of A(u) all cancel, leading to the following set of Bethe Ansatz
equations

(uj + ug) +n)

sinh(u; + 1) 2L _sinh(u;j 4+ 7n) cosh(u ﬁ sinh % —ug) + n) sinh(
sinh(u; — n) ~ sinh(u; — n) cosh( u] +n) by i

(6.33)

(Uj + ug)

—1n)
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As was discussed in detail in [120], this Bethe Ansatz solution is not complete. In fact it
is found that all eigenvalues with even degeneracy are not accounted for, but all of the
eigenvalues with odd degeneracy are. Furthermore, these states with odd degeneracies
correspond to an even number m of Bethe roots u; that come in pairs {u;, u; + i},
with j = 1,..., 5. The Bethe Ansatz equations for roots of this form are simplified to
the following set:

6.34
sinh(uj —n) sinh(u; — 1) uj — up — 2n) sinh(u; + u, — 2n) (6:34)

sinh(u; + n) 2L _sinh(u; 4+ n) v sinh(u; — uy + 2n) sinh(u; + w, + 2n)
< ) B H sinh(
k#j
We will present in section a new solution that accounts for the missing states
but whose set of Bethe Ansatz equations also reduces to for states that come in
pairs {u;, u; + im}.

6.2.1 The complete solution

The complete solution can be obtained by turning to the McCoy method [121] - a pro-
cedure used to obtain the Bethe roots corresponding to a particular eigenvalue. Note
that to do this we normally need to know the general form of the eigenvalues in advance,
which notably we do not know here. However, as we will see this method will prove
fruitful regardless.

The first step of the McCoy method is to pick a particular value ug of the spectral
parameter and to calculate numerically the eigenvectors of the transfer matrix at this
point. Now recall that an integrable transfer matrix satisfies [t(u),t(v)] = 0 for all
spectral parameters u and v, and hence the eigenvectors of the transfer matrix are in-
variant under a change of spectral parameter. Defining the variable z = e%, one can
therefore now find a polynomial expression in z for any eigenvalue A(u), by acting with
the transfer matrix ¢(u) on the corresponding eigenvector. Next one returns to the gen-
eral expression of the eigenvalue in terms of the Q-function, in the case of interest this
expression is given by equations ([6.23)) to @ Using the polynomial expression of A
in terms of x, one can solve equations (]@ to to obtain a polynomial expression
in z for Q. Finally, one finds the roots x; of the polynomial Q(x) which gives the Bethe
roots u; via x; = €.

Let us apply this procedure to the present case where a complete Bethe Ansatz solution
is missing. In terms of the variables z and z; (where we recall that z = e and z; = '),
the quantity ) becomes:

Q(z) = H I T s Z apx” (6.35)

k=1 k=—m

W

for some coefficients a; that depend on the Bethe roots u;. The expression in
clearly satisfies Q(u) = Q(—wu), which now in polynomial form corresponds to Q(z) =
Q(z~ 1), meaning that a; = a_,. Applying the McCoy method to one of the states with
odd degeneracy that can be obtained by the previous incomplete solution, we find that
the corresponding Q-polynomial does indeed satisfy the property ax = a_g.

However, when we apply the McCoy method to one of the states that is not obtained by
the partial solution in equations (6.23)) to (6.32)), we find that @ is given by a polynomial
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with coefficients a; that satisfy ap = (—1)ka_k. One observes that the expression in
(6.32)) cannot satisfy this property and must be modified to:

Q) = [ sinh(%(u —uy)) cosh(%(u +uy)) (6.36)
j=1

We find that changing the form of Q(u) from equation to while keeping
equations to leads to a complete Bethe Ansatz solution that accounts for
all of the eigenvalues. The new Bethe Ansatz equations, obtained by requiring that the
residues of the poles of A(u) all cancel, are now given by:

(sinh(uj—i—n)>2L _ ﬁ sinh(i(uj —ug) +1) COSh(i(“j +ug) +1) (6.37)

sinh(uj —n) - sinh(5 (uj — ug) —n) cosh(z(uj + ug) — 1)

There are a few important remarks to be made on this complete solution. Firstly, note
that the subset of equations that satisfy {u;,u; +in} still satisfy , since the equa-
tions in reduce to for Bethe roots w; of this form. Our redefinition of Q(u)
in therefore leaves unaffected the states that had been previously accounted for
with the original partial solution in [120].

Secondly, observe that the new set of Bethe Ansatz equations do not obey the symmetry
uj — —u; but instead u; — m — u;. This appears to be related to the fact that, as we
will see in , the model with these boundary conditions maps to the XXX model
with periodic boundary conditions in the v — 0 limit; the “admissible solutions” (recall
the discussion at the end of section to the Bethe Ansatz equations of the periodic
XXX model allow for vanishing Bethe roots u; [94], whereas the open XXX model does
not [95].

Finally, recall from equation (6.4]) that the Hamiltonian corresponding to the transfer
matrix is, in this case, given by the second derivative of the transfer matrix. From
equation ([6.23)) we observe then that the energy eigenvalues are given by:

E < A(0) = ¢/'(0)N(0) (6.38)
which leads to
m )
Eps = Z 2sin”(27) (6.39)

= cosh 2u; — cos 2y

which we observe is exactly the same form as the eigenvalues in (5.49)). Our exact
solution therefore tells us that the eigenvalues of the Hamiltonian defined in are

given by (6.39) where the u; satisfy (6.37)).

6.2.2 Correspondence with the XXX model

It is enlightening to study the present model in the limit v — 0. Recall that the Hamil-
tonian in was studied in this limit in section where it was shown to be
equivalent to two decoupled open XXX chains. We will show here that the Hamiltonian
in (6.9) becomes equivalent to a periodic XXX Hamiltonian in the limit v — 0.
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Figure 6.6: The graphical interpretation of the terms in the Hamiltonian in (6.40]) for
a chain of length 2. = 6 are shown in the figure on the left. The nearest neighbour
interaction is represented by the dotted black line, the XXX next to nearest neighbour
interaction is represented by the solid blue line and the boundary interactions are repre-
sented by the dotted red line between sites 1 and 2 and between sites 5 and 6. The three
site interaction is not represented here. The figure on the right shows the interactions
in the limit v — 0, where one observes that the Hamiltonian becomes equivalent to a
periodic XXX Hamiltonian.

Consider the Hamiltonian in written in terms of Pauli matrices:

= =,
H=—= (m x+y y+z Z)_i (xx +yy +zz>
=73 02i—192i4+1 T 02;102;41 T 0210241 B 092i92i+2 T 02;09;42 T 02;02i42
i—1 i=1

2L
1. .
-5 SIH’YZ(Uf(Uz’x—lUf—Q + o0l 10{_y) —oi_y(0i 107 +0f_10)))
i=3

1 2L—2
i02 Z Z z z
T sty E (070541 + 0i410742)
i=1

1. . 2 z z z 1 x T Yy x x Y Y
-5t sinycosy(of + 05 — 05,1 — 051) + 5 cosy(ofos +0joy + 051105, + 05, _105,)

1 .
— 3 cos?y(oio} + 03, 10%,) — isiny cos (o — o)

(6.40)
where we have used the identity in . We notice that there are four types of terms
in : the first line is an XXX interaction between next to nearest neighbours, the
second line is a three site interaction, the third line is a nearest neighbour interaction
and the last two lines are the boundary terms. All of these interactions, except for the
three site interaction, are represented graphically for a chain of length 2L = 6 in the
diagram on the left hand side of Figure [6.6] When we take the limit v — 0, the only
non-vanishing terms are the next to nearest neighbour XXX interaction (the first line
of (6.40)) and a contribution from the boundary terms (the last two lines of (6.40))) so
that the Hamiltonian becomes:

-1
1
_ T T y vy z _Z xT xT Yy Yy z z
H=- B E (050540 + 05,0919 + 05,0519+ 05 1051 + 09 105, +05_105;41)
i—1
1
+ 5(070% + ofo} — oics)
1
X X Yy Yy V4 z
+ 5(‘72L—102L + 05 105, — 031-1051)

(6.41)
This Hamiltonian is represented graphically in the diagram on the right hand side of
Figure The term on the first line of (6.41]) corresponds to two decoupled open
XXX chains, the second term and third terms introduce an interaction between the two
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chains to make a periodic chain. We observe that the signs of the o”c” + g¥%c¥ terms
on the second and third lines of are opposite to the signs of the corresponding
terms in the first line. However, it is easily verified that one can always change the
sign of an even number of 6%0” + oYg¥ terms without changing the spectrum of the
XXX Hamiltonian. Doing so for the two boundary terms results in exactly the XXX
Hamiltonian. We have therefore shown that the spectrum of as v — 0 is identical
to that of the periodic XXX chain, as is illustrated in Figure [6.6]

Let us now consider this result in the context of the exact solution of the model
presented in section [6.2.1l Firstly, let’s write the periodic XXX Hamiltonian from
equation ([6.41)) in the much cleaner form:

2L
H = -3 Z(Ufaza—l +oioj +oioi) (6.42)

i=1
The Bethe Ansatz solution of this Hamiltonian was already studied in section [£.1] We
will write this solution in a slightly different and more convenient form for our purposes.

The eigenvalues of (6.42)) are given by:

=\ 4
E=) — (6.43)
P Ap+1
where the Bethe roots A\ satisfy the following set of Bethe Ansatz equations:

N P (N— e+ 2
=1 (32— 6.44
(Aj—z'> k#(/\j—)\k—% (6.44)

and where m is the number of Bethe roots in any given solution. Now compare this
to the Bethe Ansatz solution of the DZ chain presented in section Consider the
eigenvalues of the D3 chain in equation when we rescale the Bethe roots u; — yu;.
The energies in now become:

E= i A (6.45)

:luz—i-l

in the limit v — 0, which we see is identical to for up = Ar. Now let’s consider
how the D3 Bethe Ansatz equations look in the limit ¥ — 0. Let us first consider
the simplest case of roots that come in pairs {u;, u; 4+ im}, which we recall satisfy the
simplified Bethe Ansatz equations in (6.34]). Recalling that n = iy, we have that the

equations in ((6.34)) become:
wj +i 2L_ uj +1 ﬁ (uj—uk+2i)(uj+uk—|—2i) (6.46)
u]'—i N Uj—i - (uj—uk—Qi)(uj—i—uk—Qi) '
as v — 0. Now take a solution to the XXX BAE in (6.44) with Bethe roots A; that
are symmetric about 0, i.e. the roots come in pairs {A;, —\;}. For roots of this form,
the equations in (6.44]) are identical to (6.46) for ur = Ag. This is consistent with the

discussion surrounding equation (6.40) and Figure showing that the D3 chain in
becomes a periodic XXX chain.
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Now let’s return to the original partial solution, with Bethe Ansatz equation in
, to see where it breaks down for states that do not come in pairs {u;, u; + i7}.
The simplest example of roots that are not of this form are a set with an odd number
of roots with one vanishing root, say u; = 0, with all of the other roots coming in pairs
{uj,u; + im}. The Bethe Ansatz equations in for roots of this form become:

m
2

sinh(uj + 7) 2L _ sinh(u; +1n) H sinh(uj — uy, + 2n) sinh(u; + uy + 2n)
sinh(u; —n) ~ sinh(uj —n) sinh(u; — uy — 2n) sinh(u; + ui — 21)

ki

y (Sinh(%uj +n) ) ?
sinh(3u; — n)
(6.47)
which in the limit v — 0 become:

m

wj+ i\ fuj i\ [+ 2i 213[ (uj — up + 20) (uj + up, + 2i) (6.48)
wuj—i)  \uj—i) \uj—2i iz (g = wg = 20)(u; + uy, — 2i) '

We would like to compare these Bethe Ansatz equations to the Bethe Ansatz equations
in for the periodic XXX model. In analogy with the previous case, we should
consider solutions to with one root Ay = 0 and all other roots coming in pairs
{A\j,=A;}. For roots of this form, the equations in become:

m

NI N (A2 ﬁ (Aj — Ak 4 20) (N + Mg + 2i) (6.49)
No—i) O\ N—i)\\j—2 iz VG = A = 204 + Ak — 20) '

Comparing with one observes that when \; = u; the two sets of equations
differ as a result of the square on the second factor on the right hand side of . One
can use this result to guess the form of the correct Bethe Ansatz equations in
that were obtained in section by turning to the McCoy method. One starts with
the observation that the square in the second factor in comes from the two sinh
terms in the product in equation . To get rid of this square one changes one
of these sinh terms to a cosh, whose leading order term vanishes in the v — 0 limit.
Then to ensure that the new equations still reduce to for roots that come in pairs
{uj,uj + ir}, one must remove the terms outside of the product in , and one is
left with the new Bethe Ansatz equations in .

6.3 The Continuum Limit

Previous sections in this chapter have presented various results relating to the boundary
conditions in on a finite lattice. We will now consider the description of the model
in terms of boundary conformal field theory when we take the continuum limit. In
particular, we will be interested in calculating the generating function of scaling levels
corresponding to the transfer matrix in , or equivalently, the Hamiltonian in .
As usual, we will use finite size scaling to do this - equation will be made use
of in the Hamiltonian formulation, whereas equation will be made use of in the
transfer matrix formulation. Note that the Fermi velocity vy appearing in is once
again given by since it does not depend on the boundary conditions. Since the
Hamiltonian and transfer matrix are written entirely in terms of Temper-
ley Lieb algebra generators e; we can consider both the RSOS representation and the
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loop representation, as was done in sections and for the boundary conditions
presented in (|5.31]).

We will start with the loop representation in section where we observe a con-
tinuous spectrum which, as discussed in the introduction to this chapter, corresponds
to a non-compact boundary CFT. It will be shown in section that the states in
the loop model that form this continuum disappear when we restrict to the RSOS rep-
resentation, and that the generating function of scaling levels in this case is given by a
combination of string functions.

Section [6.4] will then consider a more general Hamiltonian that includes the Hamilto-
nians in and as special cases. It will be shown that there is a boundary
renormalisation group flow from the Hamiltonian to , which in the language
of CFT corresponds to a renormalisation group flow from a non-compact theory to a
compact one.

6.3.1 The Loop model

We will consider here the transfer matrix in , or equivalently the Hamiltonian
in but now with the e; in the loop representation defined in Figures and
The boundary CFT describing the continuum limit in the loop representation has some
quite fascinating properties - most notably the appearance of a continuum of critical
exponents, a phenomenon that had until now only been observed in the bulk spectrum.

We start with the observation that the central charge is observed to be given by:

6

c=2— T (6.50)
but that, as we shall see below, for certain values of k the leading exponent h is negative,
leading to an effective central charge c.ry = ¢ — 24h that is greater than c. Using the
formalism introduced in section [3.1.2] and in particular Figure [3.5] we will consider
separately each of the sectors with 25 through lines. In each of these sectors we observe
both a discrete and a continuous set of critical exponents. Let’s first consider the
continuous set. We observe the continuum to begin at:

I(1+2)
h = 6.51
e (6.51)
with [ given by:
l=k—-2j—-2 (6.52)
Note that (6.52) means that for certain values of k the exponent in (6.51) can be
negative. In particular, when k is an odd integer we can have [ = —1, corresponding

to 2j = k — 1. The appearance of a continuum on the lattice is identified by the
logarithmic convergence of exponents to the value in , as L — oo we observe an
infinite number of these states. This was briefly discussed in the introduction to chapter
[ and in particular the text surrounding Figure which we repeat in Figure for
clarity. Let’s consider these results in the context of the black hole theory discussed in
section First, let’s recall the central charge cgg in and the critical exponent
hpp in (3.56| repeated here:

J(J-1) N (n + wk)?

= 1 (6.53)

hgu = —



124CHAPTER 6. A NON-COMPACT BOUNDARY CONFORMAL FIELD THEORY
0.8
0.6 7

0.4

0.2}

— 1

0.0

0.001 0.002 0.003 0.004 0.005 0.006 0.007 L

Figure 6.7: The scaling behaviour of the gaps generated from the Hamiltonian in

with v = 7%, in the sector 25 = 4. We observe that the gaps converge logarithmically

to h = 0 as we expect from equations (6.51)) and (6.52)), and that an infinite number of
such states appear in the limit L — oo .

The continuous spectrum in the black hole theory is obtained by setting:

1

for s positive. In section the parafermion CFT with central charge was related to
the black hole CFT by equating:

cpr — 24Appr = cgy — 24hpy (6.55)

where App is a critical exponent in the parafermion theory and cpp is given in (6.50)).

Combining equations (6.53)), (6.54) and (6.55)) we get:

(n+wk—1)(n+wk+1) 2 1(1+2) 52
4k +k—2_ 4k +k—2 (6.56)

App =

where:
l=ntwk-1 (6.57)

We see that is consistent with our earlier observation that the loop model produces
a continuum of critical exponents beginning at - combining equations and
leads to n = —1 and w = 1. We observe that the effective central charge
Ceff = C—24h is given by c.pf =c =2 — % for k an even integer and c.yy = 2 for k an
odd integer. The general case is plotted in Figure and is given by

(frac (%) — %)2

- (6.58)

Ceff =2—24

which is consistent with l|6.51|i and 1|6.52|).
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Figure 6.8: The effective central charge as a function of k. For k an odd integer we have

Ceff = 2, for k and even integer we have c.pp =2 — %

6.3.2 Back to the Bethe Ansatz

It is worthwhile discussing in more detail the states on the lattice that lead to the
continuum in the field theory, particularly in the context of the Bethe Ansatz solution
from section [6.2.1] The appearance of a continuous spectrum in the periodic model,
studied in [54], could be understood in terms of a particular class of solutions to the
Bethe Ansatz equations:

(sinh(uj + 77)>L _ ﬁ sinh(3 (uj — ug) + 1) (6.59)
sinh(uj —n) Pty sinh(% (u; — ug) — n)
A subset of the solutions to these equations have the following form:
0_ + 14
uj = Qy + 25
L .oz (6.60)
uj =5 iy

. + . . . . .
with a; real. States in the continuum arise from solutions of the form with

different numbers of u(} roots and u} roots. Let’s denote the number of u? roots as m™*

and the number of u; roots as m~. Then define:

mt — L nt
% (6.61)
m = 5 -n

In the bulk, the continuum states converge logarithmically to the “floor states” hq as:
h=nhy+ K(y,L)(nT —n")? (6.62)

where K (v, L) — 0 as L — oco. Figure6.9[shows an example of a configuration of Bethe
roots with n* # n™, therefore corresponding to a continuum state.

We saw in chapter [f] that we do not observe a continuum with the boundary condi-
tions studied in that case and we can understand this in the following way. The Bethe
Ansatz equations from chapter [5}
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Figure 6.9: An example of a solution to the bulk BAE that leads to a continuum state.
This example corresponds to L =12, n™ =0 and n= = 2.
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Figure 6.10: An example of a solution to the type 2 boundary BAE that does not lead
to a continuum state, unlike the bulk case. This example corresponds to L = 12, n* =
and n~ = 2.

<sinh(uj—i—77)>2L _ ﬁ sinh(i(u]‘ — uk) + 1) Sinh(i(“j +ug) +1) (6.63)

sinh(uj —n)

also permit solutions of the form in , and one such solution is shown in figure
This solution satisfies n™ # n~ but does not correspond to a continuum state, unlike
the bulk case. The reason is that, with these boundary conditions, if we multiply any
number of Bethe roots u; by a sign then the equations in will still be satisfied and
the energy will not change. By using this symmetry under u; — —uy we can therefore
transform any solution to with n™ # n™ into one with n™ = n~ and hence the
K(~,L) term in will not play a role. More precisely, the symmetry up — —uy
allows us to transform any ug root into a u! root, meaning that only n = nt + n~
is a meaningful quantity for solutions to whereas n™ and n~ have no physical
meaning individually. Compare this to the Bethe Ansatz equations in where
we no longer have the symmetry ugz — —ug, but instead we have symmetry under
up — —uy +im. The symmetry u, — —uy + im does not affect n™ or n~ and therefore
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equation (6.62)) can be applied to the Bethe Ansatz equations in (6.37)), and we hence

observe a continuum of exponents.

6.3.3 Discrete States

There are states in the spectrum which do not correspond to the continuum states of
equations (6.51)) and but to discrete states. Let us first consider the case with k an
integer where we observe that the exponents are given by the parafermion exponents of
equation with [ and m integer. We conjecture that the full loop model generating
function of scaling levels in the sector with 2j = [ defect lines is given by:

k—2
Zi= ), T, ¢"w (6.64)
m=—k+3
with
(+02 _ _m? oo 00
4k 4(k=2) n2 | n(l+1—m) n? | n(l+1+m)
TrﬁlquO_C/M — q—2 Z(_anT-f—iQ + Z(—l)”q7+72 (6.65)
n(g) = n:l

for [ and m with the same parity, and we define Tr ) glo—¢/24 = ( for | and m of

opposite parity. Consider now the case for k ¢ Z. There is no change to the discussion
of the continuous spectrum in section for k ¢ Z. However, we must take care with
the discrete part, since it is not clear how will “disintegrate" for k ¢ Z. It turns
out that there are two distinct parts to the discrete spectrum: a part with [ integer and
independent of & and with m = 0, and a part where [ and m depend continuously on
k. The exponents of the “k independent part" are given by with [ = 0,2,4,6, ...
and the exponents of the “k dependent part" are given by:

(1 +2) m?
LT? 4k —2) (6.66)

with [ = k — 2n and m = k — 2n’ with n,n’ positive integers and n,n’ < % It is not
yet clear to us how to interpret the generating function of scaling levels in (6.64]) for
k ¢ 7Z since k in that case is necessarily integer - we leave this as an open question for
now.

6.3.4 XXZ Subset

Recall from section [.3.1] that there was a subset of solutions to the Bethe Ansatz
equations under consideration in that case that corresponded to the solution to a set of

Bethe Ansatz equations for the XXZ model with particular boundary conditions. The
XXZ boundary Bethe Ansatz equations from (5.63|) are repeated here:

(sinh(x\j + ﬁ;))ﬂ sinh()\; 4 iA) sinh(A; 4 iA’) ﬁ sinh(\; — A 4 i70) sinh(X; + Ak + i70)

sinh(\; — %) sinh(A; —iA) sinh(\; — iA/) vy sinh(Aj — A\ — 990) sinh(A\; + A — iv0)
(6.67)

Now consider the BAE in (6.34)), corresponding to the BAE in (/6.37]) when the solutions

come in pairs {u;, u; +im}. Now as in section we set y9 = m — 27y (where n = iv)



128CHAPTER 6. A NON-COMPACT BOUNDARY CONFORMAL FIELD THEORY

and consider solutions of the form u; = a; — 5. The equations (6.34) become:

(sinh(aj + i”;))QL sinh(a; —i%) B ﬁ sinh(a; — oy, + iv0) sinh(a; + o + 170)

sinh(a; —i%) sinh(ay + %) sinh(a; — g, — i) sinh(oj + o — i70)

ki

(6.68)
Setting A = — % and A’ = 3{ we have that the solutions a; to |) are also solutions
to (6.67), i.e. we have A\; = «;. Now proceeding exactly as in section we write

the energy in (6.39) in terms of o and g to find:

m

2sin? g
Ep=— 6.69
D3 z; cosh 2a; — cos g ( )

]:
which is the energy of the XXZ chain:

m

—2sin? g
E = .
XXz ; cosh 2)\; — cos g (6.70)

when a; = A;. Since the solutions to the D3 BAE admit twice as many roots as the
XXZ chain, the final result is in fact:

Ep; = 2Exxz (6.71)

Recall from equation that the effective central charge of the open XXZ chain for
generic A, A’ is given by:

ot =1~ 75 (6.72)

™

6 (, Yo+ A+ A —278(1 — )2
- :
where S is the total magnetisation of the chain in a given sector. We have vy = 7 — 27,

_ T — _ 7 /I __ 37w : : .
= %> A=—F and A" = =F, which gives us:

3
ceff=1—E(1—k+4S)2 (6.73)

When considering the D3 chain however, we must multiply the effective central charge
in (6.73) by 2 to get for the D3 chain:

Ceff:2—%(l—k+45)2 (6.74)

We must take a lot of care when using however. Since the D3 chain contains a lot
more states than the XXZ chain, there is no guarantee that the state scaling with c.ys
in equation is the ground state of the D3 system. Consider for example the cases
k=5 and k= 7. For k = 5 the ground state of the system occurs in the S = 1 sector
and we recover the numerical result c.yy = 2, which in this case does indeed correspond
to equation (6.74). For k = 7 however, the ground state of the D3 system does not
correspond to a solution to the XXZ equations in . In this case then, the lowest
energy state that scales with will be an excited state of the D3 chain. Note that
as we increase k, the first (i.e. lowest energy) state that scales like appears in
higher and higher magnetisation sectors S.
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6.3.5 RSOS model

We first recall the discussion of the RSOS models from section In particular, we
will take the RSOS representation of the Temperley Lieb algebra generators e;, written
explicitly in , and insert this expression into the Hamiltonian in . We will fix
the left most RSOS height to 1 and the right most height to [ + 1. We will write this
boundary condition as:

1,041 (6.75)

We once again observe the parafermion central charge in equation and the
parafermion exponents from equation . Furthermore, we find that the full generat-
ing function is given by particular combinations of the string functions, whose definition
was given in . More specifically, for & an odd integer (recall: v = %), it is found
that the boundary condition in produces a generating function Z given by the
following combination of string functions:

k—3
Z=c""+2 ) " (6.76)
n=2
n even

while for k£ an even integer we get:

k—4
Z=c"042 Y T (6.77)
neven

Table presents explicit examples of this correspondence for k = 4,5,6,7. Recalling
the definition ¢f® = 0 when m and [ do not have the same parity, and the identity
¢, ™ = ¢". Equations (]6.76[) and (]6.77[) can then be seen to reduce to:

k—2

Z= > (6.78)

m=—k+3

Now let’s recall the connection between the generating function of scaling levels in the
loop model and in the RSOS model. For the AF Potts model with free boundary
conditions, we had equation (3.61]), repeated here:

oo
o = Z (Kionk — Kopmstye—i—2) = K — Kop——o + Kiyor — Kag——2 + ..., (6.79)
n=0
where K is the generating function of the loop model - defined in - and where
the correspondence with the loop model is [ = 2j. For the states that correspond to
the continuum in the loop model to disappear in the RSOS model we need them to
appear in different sectors of [ so that these states cancel in . From (|6.79) we see
that a continuum state in the sector with 25 through lines in must also appear in
the sector with 2k — 25 — 2 through lines. This is consistent with the discussion of the
critical exponents in section from the right hand side of , we can see that
the exponent h in is invariant under: 25 — 2k — 25 — 2 and we indeed observe
that these cancellations do in fact appear as degeneracies in the loop model spectrum.
The string functions, defined in , can in fact be written as:

o0

m __ § : 5 Lo—% - Lo— =
cl o TI‘F‘H»an,m q > TrF2k*l*2+2nk,m q > (680)

n=0
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where Tr 2 Fiponpm WV2S defined in ([6.65). We must be able to relate the generating func-
6.64))

tion of discrete scaling levels in (6.64]) to the combination of string functions in (6.78))
observed in the RSOS model by summing the Z,, in the same way that we sum the K]

in (6.79). Indeed, from ((6.80) we have:

k—2 o0
Z q = Z (Zionk — Zo(ns1)h—1—2) (6.81)
m=—k+3 n=0

which is precisely the relation one would expect to hold from considering the correspon-
dence between the loop and RSOS models.

Boundary Condition | £ | Generating Function
1,..,1 4 sl + drs
1,...,1 5 5l + 2052
L,..,1 6 | 50+ 2052 + A
1,...,1 7| gt 00—|—20 2—i—2c
1,..,3 4 S+ dng
1,3 5 50 + 2052
1,..,3 6 | 50+ 2cm5% 4 gt
1,...,3 7| 50+ 2052 + 2075
1,...,5 6| g 40+2c?”42+c
1.5 7| dr0 + 202 + 20t

Table 6.1: The continuum limit of the RSOS model.

6.4 A Boundary RG Flow

Let us now consider the following Hamiltonian:

2L—1 202
H=a«ale; +eap—1) +2cosy Z em — Z (emem+1 + emt1€m) (6.82)
m=1 m=1

where « is a free boundary parameter. Observe that by setting o = 0 we get back
the Hamiltonian in 1@' and by setting a = —Coév we get back the Hamiltonian in
(5.46)). Both of these cases admitted a Bethe Ansatz solution in sections and
respectively. The continuum limit of the case o« = 0 was found to be described by a
non-compact boundary CFT, discussed in section [6.3.1f and the case a = —Cols was
found to be described by a compact boundary CFT, discussed in section It is
interesting then to consider the continuum limit when « varies continuously between

the two exactly solvable points a = 0 and a = —COISW.

The result of such an investigation is summarised in Figure The points oo =0

and o = — ColsA/ are found to be fixed points under RG, with o = 0 a repulsive fixed point
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and o = —Cols an attractive fixed point. Some numerical results show this RG flow

explicitly in Figures [6.12] and [6.13] for the loop model and RSOS model respectively.
To understand these figures one must first recall the discussion of finite size scaling
for models described by Hamiltonians in section and in particular equation .
In both figures we have % on the z-axis and on the y-axis we have the first gap, i.e.
h1— hg, where hq and hg are the numerical approximations to the conformal dimensions
appearing on the right hand side of for the first excited state and the ground state
respectively of the Hamiltonian. In Figure the black curve corresponds to a =0
and, as expected from the discussion in section the gap converges logarithmically
to zero. The red curve corresponds to o = —COIS,Y and, as expected from the discussion
in section [5.4.1] this gap to converges nicely to 1. Now let’s take the blue curve which
corresponds to a slight perturbation away from o = 0. We observe that, for low sizes,
the numerical approximation to hy — hq is very close to the result for o = 0, but that in
the limit % — 0 the curve converges towards 1, thus showing that a = 0 is a repulsive
fixed point and that o = —% is an attractive fixed point - the interpretation is that of
a lattice realisation of an RG flow away from a non-compact boundary conformal field
theory towards a compact one. The same analysis for the RSOS model is presented in

Figure [6.13]

Y

A

Y

_ __1 o
o= cos 7y a =70

Compact spectrum Non-Compact spectrum

Figure 6.11: RG flow from the Hamiltonian in to the Hamiltonian in (5.46)), which

result in a compact and a non-compact continuum limit respectively.
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Figure 6.12: The convergence of the first gap in the loop model in the sector with 25 = 2
through lines, with v = 7. The black line corresponds to a = 0 in , the red line
corresponds to o = —Colm = —1.41, and the blue line corresponds to o = —0.46. From
section we expect the first gap for a = —Colsw = —1.41 to converge to 1, as
observed. Similarly, from section [6.3.1] we expect the first gap for &« = 0 to converge
logarithmically to 0, as observed. Finally, we observe that when we perturb « slightly

away from 0 the model flows under RG to a = —Colsv.
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Figure 6.13: The blue line corresponds to the case a = 0. As expected, we see that the
first gap over the ground state converges to h = % since in this case the full generating
function is given by the sum of the two string functions c}lﬁo + c{lﬁ? The orange line
corresponds to the case a = — 57 As expected, we see that the first gap over the
ground state converges to h = 2 since the generating function in this case is given only
by the string function cﬁﬁo. The yellow line corresponds to a perturbation of o away
from zero, (in the figure we take o = —0.364). We see that in this case the gap also
Colsv. We can
interpret this as an RG flow away from the non-compact theory with @ = 0, to the

compact theory with a = —Colsv.

converges to 2, but it converges much more slowly than the case a = —




Chapter 7

Discussion

There are a number of directions that the research presented in this thesis can be taken
in. Before discussing this, we briefly recall the original results that were presented in
each chapter.

In chapter [3] the open antiferromagnetic Potts model was considered. A previous
conjecture - equation for the generating function of scaling levels for the model
with free boundary conditions was confirmed numerically - equations and .
New conformally invariant boundary conditions for the AF Potts model were presented
in section [3.4] and it was shown that these boundary could be described in terms of the
blob algebra - equation , and that the generating function of scaling levels in this
case is given by the discrete character of the Black Hole CFT - equations (3.73) and
(3.74). The same boundary conditions were considered in the RSOS model and found
to produce the string functions from the parafermion CFT in the continuum limit. The
representation theory of the blob algebra - equation - was then used to derive a
new identity between the string functions and the discrete character - equation .
Other aspects of the Black Hole and parafermion theories were then considered, such as
the issue of normalisable states (section and fusion (section . In particular, the
parafermion fusion rules were derived analytically from the representation theory of the
Two Boundary Temperely Lieb algebra (section . The “alt” boundary conditions
were interpreted in the context of the three state Potts model in section [3.8] and used
to show that a set of previously found identities - equation - could be seen as
the continuum version of the equivalence between the XXZ spin chain with free bound-
ary conditions and the three-state AF Potts model with “alt” boundary conditions. In
section [3.9] it was shown that the disorder operators arising in the parafermion theory
could be observed on the lattice.

Chapter [5] then used the tools from integrability to tackle related problems. It was
shown in section that there is an exact mapping between the the vertex formula-
tion of the antiferromagnetic Potts model - the staggered six vertex model - and an
integrable model constructed from the twisted affine D3 Lie algebra. One of the known
K-matrices of the D3 model was then considered in section and shown to result in a
Hamiltonian written entirely in terms of Temperely Lieb algebra generators - equation
(5.46)) - and that this Hamiltonian becomes that of two decoupled XXX chains in a par-
ticular limit (section . The Bethe Ansatz solution of the model was then used to
study the continuum limit in section [5.3| and it was shown analytically that the critical
exponents of the model were precisely those of the AF Potts model with free boundary
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conditions. The loop and RSOS formulation of the model with these boundary condi-
tions were then considered in section [5.4] and the results confirmed that the boundary
conditions arising from the D3 K-matrix are indeed in the same universality class as
free boundary conditions in the AF Potts model.

Chapter |§| studied a different set of D2 boundary conditions, and showed that this
case also admitted a very simple interpretation in terms of Temperley Lieb algebra
generators - see equation . By assigning inhomogeneous values of the spectral pa-
rameter in a very specific way - see Figure [6.2] - it was shown that the model on the
rectangular geometry of Figure [6.1] could be transformed into the same model with a
“diagonal” geometry - see Figure [6.3]- and that the transfer matrix in this case is given
by the dual AF Potts model with free boundary conditions - see equation . A
complete Bethe Ansatz solution of the model was then presented in section where
it was also shown that the open model becomes the periodic XXX model in a particular
limit. The Bethe Ansatz solution was used to show that the continuum limit is de-
scribed by a non-compact boundary CFT closely related to the continuous part of the
Black Hole theory. A conjecture for the discrete part was presented in equation
and the generating function of scaling levels in the RSOS model was found in section
6.3.50 Finally, in section it was shown that the boundary conditions of chapter [f]
flow under RG to the boundary conditions of chapter [5 corresponding to an RG flow
from a non-compact boundary CFT to a compact one.

There are a number of questions raised by these results. Let’s first turn our atten-
tion to the RG flow observed in section It would be interesting to find the operator
driving this flow. A previous study [122] also observed a boundary RG flow in a different
context, and used numerical methods to find the operator driving it. A detailed study
applying the same methods to the present case should shed light on this problem. In
[58], the ferromagnetic @@ = 3 state Potts model was studied and the boundary RG
flows were classified. One of these flows was generated by a boundary magnetic field
operator and we tentatively note a close analogy with our case. More work is required
however to understand the case for general Q.

It was mentioned in section that the conjecture (6.64]) for the generating func-
tion of discrete states needs to be re-interpreted or modified for the case k ¢ Z. This
question will be addressed in an upcoming work.

In chapter [5| it was shown that the K-matrix in corresponds to a boundary
condition in the same universality class as free boundary conditions in the AF Potts
model. However, we did not manage to show in finite size that the two boundary condi-
tions are equivalent. It would be interesting to find a geometrical interpretation of this
K-matrix, as was done successfully for the case considered in section [6.1} as this would
shed light on why we observe free boundary conditions in the continuum limit.

The two K-matrices considered in chapters [5] and [6] correspond to the two fixed
points in Figure It is possible that there exist other fixed points along this line
that we have not yet found. Indeed, additional K-matrices for the D3 model were
found in [IT5] - it is conceivable that these correspond to additional fixed points along
the flow in Figure [6.11] Further study is required to find a complete classification of
the boundary phase diagram.
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Finally, returning to chapter [6] it would be interesting to interpret further the trans-
fer matrix found in equation . In its current form it is easily interpreted as “the
dual of free boundary conditions” but this analysis could be taken further; the dual
of free boundary conditions is fixed boundary conditions - where the Potts spins are
constrained to take only one value on the boundary - this suggests a return to “blobbed”
boundary conditions from section [3.1.4} It was remarked in section [3.4] that the general
blobbed boundary condition in the antiferromagnetic model seemed not to correspond
to a conformal boundary condition - but it remains possible that a specific blobbed
boundary condition, i.e. a particular value of r for each ~ in , could yield a con-
formal boundary condition in the antiferromagnetic model. These observations warrant
further study.






Appendix A

Résumé

Il est bien connu depuis plusieurs décennies que les limites continues des mod-
éles sur réseau qui passent par une transition de phase du deuxiéme ordre sont
décrites par des théories des champs conformes (CFTs). Le modéle d’Ising a son
point critique est un exemple bien étudié - sa limite continue étant décrite par
des fermions libres. En outre, il existe des modéles sur réseau qui s’appellent les
modeéles RSOS qui deviennent, dans la limite continue, les “modéles minimaux” de
CFT, y compris le modéle d’Ising. Tous ces exemples, et la plupart des exemples
qui ont déja été étudiés, sont des exemples des modeéles sur réseau “compacts”
car le nombre de degrés de liberté est fini. Il n’est donc pas surprenant que les
théories des champs conformes qui les décrivent sont aussi compactes - dont la
signification pour les CFTs est que leur spectres soient discrets.

Cependant, il existe certains CFTs dites “non-compactes” avec des spectres
continus - une propriété identifiée par I'observation d’un continuum d’exposants
critiques dans le formalisme de la mécanique statistique, et par I'observation d’un
continuum de dimensions conformes dans le formalisme de la CFT. Ces théories
sont parfois intéressantes, comme par exemple la CFT qui décrit le “Integer Quan-
tum Hall Effect” a son point critique, et aussi la “Théorie Conforme Euclidienne”
dont le nom vient de son origine en théorie des cordes. Il n’est pas difficile de
trouver des modeéles sur réseau non-compacts qui deviennent ces CF'Ts dans la
limite continue, mais trés difficiles de les étudier en pratique en raison de leur
nombre infini de degrés de liberté. Cependant, un résultat surprenant est qu’il
existe des modeéles sur réseau compacts mais dont leurs limites continues sont
non-compactes - un fait qui nous permit d’étudier les CF'Ts non-compactes avec
les outils venant des études sur réseau.

On se concentre particuliérement sur le modeéle de Potts au point critique an-
tiferromagnétique, dont le nom vient du signe devant la constante de couplage a
ce point critique. Il est bien connu que ce modéle peut étre reformulé comme un
modeéle de six vertex décalé - et que ce modele de vertex avec des conditions aux
bords périodique est décrit par la Théorie Conforme Euclidienne. Le probléme
cependant, est que jusqu’a présent on ne savait pas formuler cette CF'T intéres-
sante sur un réseau avec des conditions aux bords ouvertes. Il serait utile de
savoir comment s’y prendre parce que les CFTs ouvertes sont manifestement plus
simple que des CFTs venant des modéles sur réseaux périodique. La raison est

137



138 APPENDIX A. RESUME

Figure A.1: L’interprétation graphique des conditions aux bords décrites par la matrice
de transfert de I’équation

que l'algébre de la symétrie d'une CFT ouverte n’est donné que par une copie
de l'algébre Virasoro, mais celle du cas périodique est donné par deux copies.
En termes plus concret: 'espace d’Hilbert d’'une CFT ouverte n’est généré que
par une copie de 'algébre Virasoro et parfois, si les conditions aux bords sont
suffisamment bien choisies, cette espace d’Hilbert n’est donné que par un état
primaire et tous ces descendants - un fait qui nous permettre d’isoler et d’étudier
une partie a la fois d’'une CFT compliquée.

Dong, le but de cette thése était de trouver des conditions aux bords pour le
modele de Potts au point critique antiferromagnétique, telles que la limite con-
tinue soit décrite par une CFT ouverte non-compacte. Pour ce faire, on a utilisé
trois méthodes.

La premiére méthode utilise des algébres sur réseau - l'algébre Temperley-
Lieb et P’algébre Blob - dont les résultats sont présentés au chapitre [3] Le point
de départ de cette analyse est la présentation des nouvelles conditions aux bords
conformes pour le modeéle de Potts antiferromagnétique pour lesquelles la matrice
de transfert peut étre écrite en termes des générateurs de l'algebre blob. Cette
matrice de transfer est:

T= tltg 5 (Al)

ti=bler)(x+es)(r+es) - (x+eyr_1)(l+xe)(1+mey): - (14 xear_2) (A.2)

ta = (1=b)(e1)(z+es)(x+es) - - - (x+ear—1)(14+xey)(14xey) - - - (14xear—2) (A.3)

ou x est lié a la constante de couplage du modele de Potts, définie au chapitre
Bl et o e; et b sont les générateurs de 'algebre Blob, aussi définie au chapitre [3]
L’interprétation graphique de ces conditions aux bords est illustrée dans la figure
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Ces conditions aux bords produisent, dans la limite continue, le caractére dis-
cret de la “Théorie Conforme Euclidienne” - la partie compacte d’'une CFT non-
compacte. En utilisant la théorie des représentations de ’algébre Temperley-Lieb
et Blob, on a trouvé des relations entre ce caractére discret et des fonctions des
cordes d’une théorie conforme parafermionique. Méme si ces résultats sont in-
téressants, ils ne nous fournissent pas un spectre continu qui indiquerait que la
CF'T est non-compacte - qui nous motive d’essayer une autre méthode de trouver
une telle CFT.

Le deuxiéme méthode utilise des outils venant d’intégrabilité - 1’Ansatz de
Bethe en particulier - dont les resultats sont présentés au chapitre Motivé
par le potentiel d’appliquer ces outils, on montre qu’il existe une correspondence
exacte entre le modéle de Potts antiferromagnétique, et en particulier sa descrip-
tion comme modeéle de vertex décalé, et une modéle integrable construit depuis
l'algébre D3. Ce résultat nous permet d’utiliser les conditions aux bords inté-
grables pour ce modele D2 et de les interpréter dans la formalisme du modele de
Potts afin qu’on puisse étudier une autre CFT ouverte. Les premiers conditions
aux bords intégrable qu’on considére nous fournissent un Hamiltonian trés simple
qu’on peut écrire en termes des générateurs de 1'algebre Temperley Lieb:

1 2L—1 202
"= _COS'y(e1 Fear) +2cosy Z €m — Z (Emems1 + emirem).  (A4)
m=1 m=1

Le fait que ces conditions aux bords sont intégrables nous permet de les étudier
avec la solution exacte venant de I’Ansatz de Bethe, qui rendent possible I’étude
de la limite continue. Cependant, la CFT en ce cas la est aussi compacte - on
observe un spectre discret. Ce spectre est celle du modeéle de Potts antiferro-
magnétique avec des conditions aux bords libres - donc on a trouvé une solution
exacte de ce modeéle mais des conditions aux bords qui produisent une limite
continue non-compacte nous manquent toujours.

Donc, on essaie une troisiéme méthode d’atteindre le but originale - de con-
struire des conditions aux bords ouvertes pour un modéle compact sur réseau
telles que la limite continue soit une CFT ouverte non-compacte. Ce méthode
utilise des outils d’intégrabilité encore, mais il se concentre sur les conditions
aux bords intégrables pour lequel une solution exacte n’existe pas. Les résultats
sont présentés au chapitre [0} En utilisant les outils de la premiére method, i.e.
I’algébre sur réseau, on a réussi de trouver une solution exacte pour un de ces cas,
et d’écrire un Hamiltonian et une matrice de transfert en termes de générateurs
de I'algébre Temperley Lieb qui permet une interprétation simple en termes des
modéles de boucles. Cette fois-ci, ’Hamiltonian est:

2L—-1 2L—-2
H=2cosv Y e;— Y (¢jeju1 +ej11¢)) (A.5)
j=1 j=1

La solution exacte nous permet d’étudier la limite continue et ce cas nous four-
nissent un spectre continue, et par conséquence, une CE'T ouverte non-compacte.
En outre, ce spectre continu est interprété dans la formalisme de la Théorie Con-
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forme Euclidienne.

Finalement, le fait que les Hamiltonians qui ont été trouvés avec le deuxiéme
et le troisiéme méthode peuvent étre écrits en termes des générateurs de l'algebre
Temperley Lieb ouvre la voie pour des autres questions importantes. En par-
ticulier, ils nous suggérent qu'un Hamiltonian plus général pourrait avoir des
propriétés intéressant en terme de la théorie du champ. En étudiant cet Hamil-
tonian, on trouve qu’il y a un flot de la group de renormalisation de la CFT
ouverte non-compacte de méthode 3 vers la CFT ouverte compacte de méthode
2, présentée au chapitre o]
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