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Abstract

The aim of this thesis is to explore correlation functions in two dimensional quan-
tum field theories in two distinct ways. In part I a new method for calculating the
differential equations parametrising the correlation functions of twist fields associ-
ated with the U(1) symmetry of the Dirac model is presented. While developing
this method a new family of descendent twist fields are identified and their form
factors calculated. This provides a novel way of calculating the vacuum expectation
values of the primary twist fields and is shown to be entirely consistent with known
results. The method of calculating the correlation functions of twist fields provides
a parametrisation of several other correlation functions for various quantum states.
Since this method relies on the Ward identities found in a double copy model it is
hoped to have wider applications in other free fermion models. Part II concerns the
truncated conformal space approach which has been developed to approximate per-
turbed conformal field theories. In this part the theory underpinning the approach
is discussed and a working algorithm is developed for both bulk and boundary per-
turbed minimal models. The energy levels, mass gaps and one point functions of
various models are computed using the truncated conformal space approach and are
shown to be in good agreement with previous calculations. A possible method for
using this approach to approximate two point functions in perturbed conformal field

theories is discussed.
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Chapter 1

General Introduction

Quantum field theory is one of the most widely used and studied tools in modern
theoretical physics. This popularity is, in part, due to the number of applications
it has found, being used to describe fundamental particles, electronic excitations
in materials and thermal fluctuations in statistical systems to name three. Despite
all this interest it is often very difficult to obtain accurate numerical results from
quantum field theories, with many relativistic quantum field theories not being well-
defined.

There are, however, classes of quantum field theories that are well-defined and
provide accurate numerical results. Two such classes are free relativistic quantum
field theories and two dimensional quantum field theories with conformal invariance.
Indeed it is often the case that properties of more complicated models are obtained
by treating them as perturbations of free or conformal quantum field theories. The
general structure of quantum field theory is inferred from the properties of free and
conformal quantum field theories.

Alongside free and conformal models there is a special class of models, two
dimensional integrable quantum field theories, in which it is possible to evaluate
certain quantities exactly. These models all contain an infinite number of symmetries
and it is this property that allows objects, like the scattering matrix or correlation
functions of local fields, to be evaluated exactly. While some integrable models have
direct applications they are worthy of study in their own right as they can be used

to verify expected qualities of quantum field theory and find new properties and

1



1.1. Twist Fields 2

techniques for dealing with interacting theories.

The correlation functions of local fields of quantum field theories contain all
the physical information of the model as all other quantities can, in principle, be
obtained from the correlation functions. It is these useful objects that are the focus
of this thesis. A new method for the calculation of correlation functions of twist
fields in the massive Dirac model is described in part I, while the important principles
of integrable models and twist fields are introduced in section 1.1 below. Part II
of this thesis describes an attempt to use the truncated conformal space approach
(TCSA) to approximate correlation functions in perturbed conformal field theories,
this is introduced in section 1.2. This thesis concludes in chapter 8 with a general
discussion of what has been achieved and some open problems. Note that this thesis

will only deal with (1 + 1) dimensional quantum field theories.

1.1 Twist Fields

1.1.1 Integrable Models

It is well know that integrable models of quantum field theory often allow their
spectrum of particles and scattering matrices to be calculated exactly [19, 62]. In
general it is a non-trivial task to obtain the correlation functions of local fields from
this on-shell description but there are methods, applicable to integrable quantum
field theories, that allow the calculation of correlation functions. One such method
is based on the asymptotic states and the form factors of local fields [44, 75].

The asymptotic states form a basis of the Hilbert space of our theory. These
states describe the particles of the model in the infinite past or infinite future,
where they are assumed to be infinitely separated. As all the interactions in our
models are local these asymptotic states propagate freely and so represent a set
of non-interacting particles with well-defined momenta. As we wish to examine
the interactions of the particles in our model we define an in-state as an asymptotic
state in the infinite past, with the particles ordered from left to right with decreasing
rapidities. Similarly an out-state has particles its particles ordered from left to right

with increasing rapidities. Thus the in (out) asymptotic states represent particle
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configurations in which no more interactions occur in the past (future).

Asymptotic states are constructed from creation and annihilation operators in
the infinite past or future acting on a vacuum state. These operators create and
destroy particles of fixed rapidity and are eigenoperators of the Hamiltonian and
momentum operator, so the states they create are eigenstates of these operators.
Thus the Hilbert space of our model is just the Fock space over the algebra of all
the in creation and annihilation operators, which is isomorphic to the Fock space
over all out operators.

Alongside energy and momentum, integrable models possess an infinite number
of local conserved quantities, all in involution. When applied to asymptotic states
these conservation laws relate to the free propagation of the particles and so are
referred to as deformations of the free laws [51]. The free conservation laws that
are deformed are those whose action on a state is given by an integral power of the
momentum multiplied by an integral power of the energy for each particle, note the
powers of the energy and momentum may be different but must be the same for
each particle. The infinite set of integer spins, i.e. the power of the momentum
mentioned above, for which there is a conserved charge is a characterising feature
of an integrable model. All these conserved charges impose the stringent condition
that the number of particles and the final set of rapidities in the out-state is the
same as that of the corresponding in-state. This tells us that the scattering in these
models is purely elastic [51, 65].

The arguments of [71] tell us that the conserved charges of higher spins generate
changes in the impact parameters of a scattering process. As the action of these
charges is independent of time, final states with different impact parameters are
proportional. In this way we may shift the impact parameters so as to separate a
scattering process into several well defined sub processes involving only two particles.
This renders the scattering process factorisable [71, 81, 86] so that the multi-particle
scattering matrix, or S-matrix, can be written in terms of two particle S-matrix

elements:

[ Aay (01) Aay (62)) = Sai2 (01 — 62)] Ay, (62) Av, (61)) (1.1.1)

aiaz

where S22 (6, — 6,) is the two particle S-matrix and A;(6) represents a particle of
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type ¢ with rapidity 6.

In one space dimension the particles propagate on a line so all the necessary scat-
tering required to convert an in-state to an out-state must occur. As the conserved
charges of an integrable model allow us to alter the impact parameters it is possible
to move from an in-state to an out-state in more than one way, i.e. by shifting the
particles so that different combinations collide first. This constrains the two particle

S-matrix to satisfy the Yang-Baxter equations:

S (01 = 02) 55105 (01 — 03) 83252 (02 — 03) = 5205 (02 — 03) 33 (01 — 03) S352 (61 — )
(1.1.2)

where repeated indices are summed over.
This factorisation of the S-matrix can be implemented by identification of the in
and out bases of the Hilbert space with two bases of Zamolodchikov’s algebra [86]

whose generating elements have the exchange relations

/4a1(91)/4a2<02) = éyhb2/4b2(92)/4b1(91)' (1'1'3)

aiaz

The in basis is identified with products of As in descending order from left to right
and the out basis increasing from left to right and the associativity of this algebra
gives the Yang-Baxter equations.

When considering models invariant under charge conjugation there are additional

constraints on the two particle S-matrix [29, 86]:

Real analyticity: (Sblb2 (9))* = Shibz (—p)

a1ag a1az

Unitarity: S22 (0)S;%2(—0) = 02162

a1a2 al a2

. . cb
Crossing symmetry: S22 (ir — ) = C,,55.2 (6)C™

Analytic structure: 2% (6) is analytic in the strip 0 < J(0) < 7 except for poles

aias
M2—M2— M2

SN M, ), corresponding to particles

at @ and im — 0, where 6§ = iarccos <
of mass M formed by bound states of particles of masses M; and M, in the
s- and t-channel respectively and poles corresponding to Feynman diagrams

with all the internal momenta on-shell.
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The presence of bound states already in the spectrum of the model leads to a set
of constraints called the bootstrap equations. These constraints affect the S-matrix,
the masses of particles in the model, the set of spins of the conserved charges and
the eigenvalues of the conserved charges. These constraints will not be discussed
further here but are treated in the review [62].

The S-matrices and particles involved in several integrable models have been
found using internal symmetries and bootstrap equations, see e.g. [14, 82]. We
also note that properties of integrable models can sometimes be found using semi-
classical techniques which are exact in this case. The spectrum of particles may be
found in this way [18, 58]. The spectrum and S-matrix may also be computed via
Bethe ansatz [2, 49] or the quantum inverse scattering method, for details see the
book [50].

When dealing with integrable models, one way of connecting the on-shell descrip-
tion with knowledge of local fields is to consider matrix elements of local operators

in the asymptotic basis. Matrix elements of an operator O of the form
Foyowan (01, 00) = (0[O(2, y)[Aay (01) - - Aa,, (00))in (1.1.4)

are known as the form factors of . Crossing symmetry and knowledge of the
scattering matrix allows all matrix elements to be written in terms of these form
factors and so they give a complete description of an operator once they are known.

The form factors of local fields in integrable models can be constructed from
their expected properties, which are a consequence of the factorised scattering. In
[44] the consequences of factorised scattering were considered alongside the general
principles of quantum field theory in order to develop a set of axioms for form factors.
These axioms were then used to calculate form factors in the sine-Gordon model,
but this method only gave access to form factors with three or fewer particles. It was
not until the quantum version of the Gelfand-Levitan-Marchenko (GLM) equations
were found in [17] and used to calculate both soliton and breather form factors in
the sine-Gordon model [73, 74] that further progress was made. After an analysis
of this method and its applications it was realised that the GLM equations are not

essential to prove that an operator is local [46, 47|, all that is required is that the
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form factors satisfy a set of axioms. The form factors of local fields are constructed

from these axioms [75]:

1. The function Fy, .4, (61, - ,6,) is analytic in 6; — 6; inside the strip 0 <

3(6; — 0;) < 2m except for simple poles.
2. Relativistic invariance implies that the I’ satisfies
Fppoa, (0040, 0, 4+0)=eF, . (01,--,0,) (1.1.5)
where s is the spin of the operator O.

3. F has the symmetry property

Fa,lu-an(Hl? e 7071) =
Sbkka (Qk — 9k+1>Fa1---bk+1bk---an (‘917 T 79k+17 ekv T 9n> <1'1'6)

Ak k41

which is a generalisation of Watson’s theorem.

4. F has the locality property
Falman_lan (01a e 79n—17 0n) = €2mw(o’\p)Fana1man_1(Qm 917 o 7971—1) (117)

where w(O, V) is the mutual locality index between the operator O and the
elementary field ¥ which is associated with the particle a,. This index is
the phase factor acquired by correlation functions when W is brought, anti-

clockwise, once around O.

5. As a function of 0,,, F' has simple poles at 0,, = ; +im for j =1,--- ,n—1

and the residue of these poles is given by

Z‘Flzl---an (917 T 7011) ~
(0o 0 A S (O541 — 0) S 2071 (010 — 0) -+ - St (Bnr — 0;)—

aj-1"aj+10; aj+2C; an—1Cn—3

PTOM G S S (0, —0,1) S 2 (05—0;-0) -+ Seiet (6;,—61) ) X

Aj4+1 - a;a5-1 Cjaj—2 c3a1

Fbl---Bj---bn(617 e 7éj> e 7911)

Ca Gn—ﬁj—m

(1.1.8)

nbj

where hats indicate that entry has been removed. These poles are known

as kinematic poles and the form factors also contain poles at 0, — 0, =

M?—-M?2—-M?

L € 4[0, ] corresponding to bound states of mass M.

7 arccos W
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It is axiom 5 which allows all form factors to be constructed using a bootstrap
approach and the subsequent equations relate the residues at bound state poles
with other form factors. It is thought that the space of solutions to the form factor
axioms and bootstrap equations may be identified with the space of local fields in a
integrable model [15, 56].

Knowledge of the form factors of a model allows long-distance expansions of cor-
relation functions to be written down. This is accomplished by inserting a resolution

of the identity, in the in- or out-basis:

de —Tr COS
(O(x,1)0(0,0)) ZZ/T;% S, M; cosh(6;)

n=0 ai---an

x (0[O0, 0)[Aq, (61) - - - Aq,, (6)) (Aa, (61) - - - Aq,, (62)]O(0,0)[0)  (1.1.9)

where r = /22 — {2 and the factors of 27 are related to the normalisation of the
basis.

The form factor axioms have been solved for various models [62]. In the chapter 2
these axioms are used to construct form factors for a new family of twist fields which

are then used to verify relations obtained from conformal field theory in chapter 3.

1.1.2 Twist Fields in Free Fermion Models

Twist fields are present in any free fermion model which possesses an internal global
symmetry and there is one twist field for every element of the symmetry group.
These fields, sometimes referred to as disorder fields [43], are interacting fields which
are not local with respect to the fundamental free fermion fields, that is to say
that when a fermion field is brought smoothly once round a twist field the product
acquires an extra phase factor. This type of twist field first appeared as the Z,
monodromy field of the Majorana fermion corresponding to the spin field of the
Ising model [69].

The twist field 0,4, associated with symmetry group element g, is essentially
defined by the property that when any other local field is brought round it once,
anti-clockwise, inside a correlation function, it transforms according to the element

g of the symmetry group. As this transformation is necessarily a symmetry of the
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model the twist field is local with respect to the Hamiltonian and so is a field of the
theory.

In the path integral formulation twist fields have a simple definition. Any correla-
tion functions containing the twist field o,(z), at the point z, are defined as the path
integrals over field configurations with appropriate monodromy conditions. That is
to say that the path integral is over all field configurations with the fundamental

fields transformed according to g when they are taken once round x:

(ag(x)"->:/y O pues (1.1.10)

which can easily be extended to correlation functions containing multiple twist fields.
A cut in the plane over which the integration is taken is required in order for the
fermion fields to be well defined there. This cut must start at x, and in massive
models may be taken to end at infinity otherwise must end at the position of a
conjugate twist field o,-1, and across this cut fundamental fields are discontinuous.

The path integral definition above is independent of the shape of the cut and
altering this only requires fields which the cut crosses to be transformed by g or g=*
depending on which way they cross the cut. To see this let us consider two cuts Cy
and Cy such that C = C; Uy is a closed path. Now when moving the cut in the
path integral from C; to Cy we simply transform all the fields inside C, that is all
fields inside the region bounded by C going from Cs to C; anti-clockwise, according

to the symmetry group element g. The only effect of this procedure is to add a

contribution along C to the action:
(og(x) e, = (ele g (z) - e, (1.1.11)

where ds* is the line element along C and 3" is the current associated with the charge
generated by ¢g. This extra contribution to the action is equivalent to applying the
transformation ¢ to all the fields inside C as promised.

Two twist fields are local with respect to each other if and only if their corre-
sponding symmetry group elements commute. The action of the transformation g;

on oy, is to produce the twist field o 1. So from (1.1.11) the two fields o, and

919297

o4, are local with respect to each other when gig29; ' = ¢, so we see that twist

fields are self local.
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For twist fields related to a U(1) symmetry in free fermion models it is sometimes
possible to calculate the one point functions of the associated twist fields [24, 57] and
also to re-sum the form factor expansion of correlation functions in terms of Fredholm
determinants [3, 7, 67, 68]. It is also known that in certain models it is possible
to express these non-trivial correlation functions as solutions of integrable partial
differential equations. This remarkable property was first observed in [79] for the two
point spin-spin correlation function in the thermally perturbed lattice Ising model.
It was later found that this result could also be obtained via alternate methods and
in different models; using Dirac operators for the Dirac theory in flat and curved
space-time with a magnetic field [55, 63], by considering a double model of the Ising
spin chain and Ising quantum field theory at zero and finite temperature and on
curved space times [27, 33, 64]. The existence of these differential equations allows
the corresponding correlation functions to be evaluated to a very high accuracy once
initial conditions have been fixed via conformal perturbation theory or form factor
analysis [25, 27, 55].

Part I of this thesis is devoted to examining twist fields corresponding to the
U(1) symmetry of the massive Dirac theory. The aim of this part is to reproduce
the differential equations satisfied by their two point functions, calculated previously
using Fredholm determinants [7, 8], using a more direct method inspired by [33]. In
[33] differential equations for the Ising spin-spin correlation functions are obtained
by considering the conserved charges in a model containing two non-interacting
copies of the Ising field theory. By using the Ward identities associated to conserved
charges in this double model, alongside properties of the Ising model, differential
equations for the spin-spin correlation functions are found.

Before deriving the differential equations we first develop the theory of Dirac
U(1) twist fields. The spinless, chargeless twist fields o, are constructed for all non-

2T and

integer a« € R. These fields are characterised by their U(1) monodromy e
dimension o, as well as their fermionic descendents defined via the operator product
expansion (OPE), 04414 ~ \Il}r%aa and 04_1,4 ~ Wgo, (where Up is the right-moving
component of the Dirac spinor). The construction is done both using explicit form

factors, and using a CF'T description that takes into account the constraints provided
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by the massive perturbation. We evaluate the action of the double-model conserved
charges using these two pictures.

After calculating the form factors of the descendent twist fields and examining
the OPEs, a recursion relation for the VEVs (vac|oa|vac) = m®’c, is found:

FMa+1)

Co = WCOL—"_I‘ (1112)

This relation is consistent with known results [4, 57] but can also be viewed as a
method for evaluating c,, given the normalisation ¢y = 1 and the symmetry c¢_, = ¢,

The main results of this part are as follows. Consider correlation functions in a
quantum state whose density matrix is an exponential of a bilinear form in fermions,
and which is translation and parity invariant. Writing the following correlation
function as

(0al,)0a(0,0)) = 2P ) (1.1.13)

we show that it is the solution of the differential equations:

2

99 = m?sinh(mﬂ) (1.1.14)
0%, = %2(1 — cosh(2¢))). (1.1.15)

This result was first found implicitly in [68], where solutions to the Dirac equation
satisfying the monodromy conditions of twist fields were studied, and in [7] the
same result was obtained explicitly using the method of Fredholm determinants.
Both methods, however, restricted the state where this result held and the fact
that these equations apply more generally is a new result. We further find that the

correlation function involving the descendent field o,,; along with o, is obtained

from
(vac|oa (2, 1) 0as1(0,0)|[vac) = cacqpim®® 20t Zal@) (1.1.16)
via
~ 2 tanh? (1)) ~
o= . 1.1.1
0%, cosh(2¢)) — 181#81# ( 7)

Note that this is different from the equation found for the correlation functions

(vac|oa(z,y)os(0,0)|vac) in [7], but there is no contradiction, as there there was the
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restriction 0 < «, f < 1. Finally for this quantum state, we find that the correlation

function of fermionic descendents,
(Oat1,0(T,Y)00,a+1(0,0)) = e_i”“caca+1m2a2+2o‘+19(x, Y), (1.1.18)
is algebraically expressed in terms of the previous correlation functions:
Q = /e25a — 25, (1.1.19)
It is also possible to reproduce the full results of [7], that is after setting
(0a(2,9)05(0,0)) = cacgm® 5 > @0) (1.1.20)
the function X is a solution of the equations
1 2
(83 - ;&) ¥ = —(1 — cosh(2¢)) (1.1.21)

(a,? + %&) Y= i

. o —
sinh(2¢) + <T tanh 1(1 — tanh? ). (1.1.22)
This result, however, requires the quantum state under consideration to have rota-

SERSE

tional symmetry, as without this extra symmetry the Ward identities we derive do
not provide enough constraints to solve the system. There is a discrepancy between
our result and the results of [7], namely a factor of 4 in the (v — 3)? term in (1.1.22).
This discrepancy is discussed in section 3.2.6 where strong evidence is presented
that equation (1.1.22) is indeed satisfied by the two-point correlation functions.
With rotational symmetry imposed we also find differential equations for corre-

lation functions of more general descendent twist fields:

<0a,a+l($a y)05+1,5(0, 0)> :peia(a—ﬂ)Cacﬂma2+a+g2+ﬂ+1ezl(r)

i0(B—a) o’ tatf4+1 5 (r) (1.1.23)

<0a+1,a (l’, y)o-ﬁ,,@—i—l (07 0)> =qe CaCgMn

involving the same auxiliary function ¢ as (1.1.22). Both correlators are shown to
have the same r dependence and the constants p and ¢ are discussed in more detail
in section 3.2.2, but essentially depend on the positions of the fields through their
braiding relations. It is shown the function Y’ satisfies

2 1 /o (87»77/))2 2 (Oz—ﬁ)2
(ar + ;ar) ¥ = i?e ™ ooy (1.1.24)
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which is a new result that appears naturally from the Ward identities.

Part I is set out as follows. In chapter 2 we set the conventions of this part and
the Dirac model is introduced and known results regarding primary twist fields are
reviewed in section 2.1.2. In section 2.2 the massless limit of the Dirac theory is
examined and through bosonisation techniques descendent twist fields are identified.
These descendent twist fields are the subject of section 2.3 where they are defined
and their form factors are calculated in the massive theory. It is these form factors
which lead to a recursion relation for the VEV constant ¢,. In chapter 3 we present
a derivation of the differential equations mentioned above. Firstly the double model
is introduced in section 3.1 and its conserved charges and their action are calculated
and verified using form factors. In section 3.2 the quantum states of interest are
first discussed and the consequences of space-time symmetries on the correlation
functions are examined. It is in section 3.2.3 that Ward identities relating to the
conserved charges in the double model are written down and in the following two
sections the differential equations described above are found. This chapter ends in
section 3.2.6 with a verification of the results presented here as there is a discrepancy
between these and previous results. Finally chapter 4 contains a discussion of the

outlook for this part.

1.2 Perturbed Conformal Field Theory

We now summarise some key aspects of perturbed conformal field theories and the
truncated conformal space approach as these are key topics in part II of this thesis.

Quantum field theories in two dimensions which possess conformal symmetry
have been a topic interest to mathematicians and physicists for some time. The
attraction of these theories is due to the infinite dimension of the conformal group
in two dimensions. This infinite symmetry group allows conformal field theories
to be solved exactly, unlike most other quantum field theories. This means that,
besides their direct applications to condensed matter and string theory, a study of
conformal field theories may lead to a better understanding of more general quantum

field theory.
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Since the birth of modern conformal field theory in the paper of Belavin, Polyakov
and Zamolodchikov [6] a lot of effort has gone into the study of conformal field
theories as the reviews [34, 36, 38] show. As we know so much about conformal
field theories in two dimensions it is natural to ask what happens when we break
conformal symmetry and move away from an exactly solvable model. This raises
several issues, the first of which is how conformal symmetry is broken, as there are
many quantum field theories without conformal symmetry. It is natural that we
want to break conformal symmetry in such a way that we may bring some of the
vast arsenal of conformal field theory techniques to bear on our new theory, so in
some sense we need our model to be ‘close’ to a conformal field theory. With this
in mind the perturbed conformal field theories considered in this thesis have actions

of the form
A= Acpr + )\/dego(:U) (1.2.1)

where Acpr is the action of the unperturbed conformal field theory, ¢ is a field of
the conformal field theory and A is a constant with dimensions related to those of
. Perturbations of this kind do not introduce any new field into the model and
preserve the operator algebra and representation theory of the fields involved. In
general it is not known how to calculate correlation functions in models of this kind
and so developing a method to approximate these was what instigated the research
into the truncated conformal space approach (TCSA) presented in part IT of this

thesis.

1.2.1 Truncated Conformal Space Approach

The truncated conformal space approach was first developed by Yurov and Zamolod-
chikov to explore the scaling Lee-Yang model [80] and results compared well with
those obtained through the thermodynamic Bethe Ansatz [83]; the TCSA was shown
to reproduce the expected energy level distribution and behaviour. Since this first in-
vestigation TCSA has provided good approximations of quantities such as one-point
functions, in other minimal models [41, 45, 53]. With the accuracy of the method
verified it has also been used to analyse the spread of energy levels in minimal mod-

els [9]. Alongside bulk models, TCSA has been applied to conformal field theories
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in the presence of boundaries and boundary perturbations [20, 21, 40], modelling
one point functions and renormalisation group flows between different conformal
boundary conditions.

After proving successful in the above areas attention has more recently focused
on improving the accuracy of TCSA approximations. In the papers [39, 78] the
renormalisation group for TCSA with and without boundaries is developed and
demonstrated to improve TCSA predictions but this is outside the scope of this
thesis.

As has been discussed correlation functions are important quantities in quantum
field theories but it is not known how to evaluate two point correlation functions
in many perturbed conformal field theories, in particular those with boundaries. It
was the author’s intention to develop a method for approximating these two point
functions using TCSA; part Il summarises the author’s progress towards this goal
and is set out as follows.

Chapter 5 gives a brief review of the relevant areas of conformal field theory and
minimal models are introduced in section 5.1.2. In section 5.2 conformal field theory
in the presence of a boundary is discussed and some useful results are presented.
Chapter 6 introduces the truncated conformal space approach and it is then applied
to the scaling Lee-Yang model and the tri-critical Ising models in bulk and boundary
cases in sections 6.1 and 6.2. Section 6.2.3 describes a possible approach to use
TCSA to approximate two point functions and finally we conclude with a discussion

of what has been achieved and future outlook in chapter 7.



Part 1

Twist Fields
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Chapter 2

Twist Fields in the Dirac Model

We begin this part by introducing the Dirac model and its associated twist fields.
In this part, € R is a space coordinate and y € R is a Euclidean time coordinate
(y = it, where ¢ is real time). Space and Euclidean time will be put into complex
coordinates z := —i(z +iy) and z := %(z —iy), with derivatives d := 9, = 9, + 9,
and 0 := d; = —i0, + d,. Also, when only one coordinate is specified for a quantum
field, it is understood as the space coordinate, the Euclidean time coordinate being

set to 0.

2.1 The Dirac Model

2.1.1 Dirac Fermions

In two dimensions and in the quantisation on the line, the free Dirac Fermi field of

mass m is an operator solution Vg(z,y), Vr(z,y) to the equations of motion
OVp = —imVy, oW, = —im¥l
(2.1.1)
OV, =imVp, OV =imUl

and to the equal-time anti-commutation relations

{Ur(x)), Uh(xg)} = dnd(z1 — 23),  {Up(x1), Ul (25)} = dmd(ay — x5)  (2.1.2)

16
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(other combinations of fields anti-commutating), subject to the condition that there
exists a state |vac), the vacuum state, such that
lim Wgp(z,y)|vac) = lim W (z,y)[vac) = 0. (2.1.3)
y——00 y——00 ’
The normalisation in (2.1.2) is chosen in such a way that the fields have the so-called

CFT normalisation, in terms of the z variables, as |z; — 25| — 0,

1
21—22’
1

Z— Zp

(vac|T [‘I’L(Ilayl)‘I’R(@,%)] [vac) ~

(vac|T [\IﬁL(fplayl)\IjL(J:Q’yZ)] [vac) ~

Here, the symbol 7 is the time-ordering symbol: in its bracket, operators at later
Euclidean times are placed to the left of operators at earlier Euclidean times (getting
a sign, in general, if the operators exchanged have fermionic statistics).

As usual, the solution can be given in terms of creation and annihilation operators

(Fourier modes of the fields), whose time evolution is simple:
Up(z,y) =v/m / 9 o2 (Di(e)eyEefiw - iD,(H)e’yE“”p@)
Uy (z,y) =/m / g e/ (iDi(Q)eyE"’mpe - D,(e)e*yEeﬂm) (2.1.4)

where

Eg = mcoshf, pg= msinh6. (2.1.5)

It is worth noting that since y is a Euclidean time the conjugate fields, \IIE’ 1 (z,y), are
not just the Hermitian conjugates of Wp 1(z,y), but in fact obtained by Hermitian

conjugation followed by a change in sign of y:

vh(z,y) = vm / d6 /2 (iDi(e)eyEe—W —I—D+(9)e_yE9+m’9>

Ul(z,y) = \/ﬁ/dH e 02 (—Di(@)eyE"_”pg — iD+(9)e_yE9+i”p6> .(2.1.6)
From (2.1.2), the creation and annihilation operators satisfy

{DL(61), Dy (0:)} = (61 — 62), {DL(61), D_(62)} = 6(61 — 6,) (2.1.7)

(with all other combinations anti-commuting), and from (2.1.3), the vacuum condi-
tion

D4 (0)|vac) = 0.
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The Hilbert space is simply the Fock space over (2.1.7), with a basis of multi-particle
states denoted by

01+ 0,) ey, = DL (61) -+ D! (0,)|vac) for 6> >0,, &€ {+,—}.
(2.1.8)
where 0; > 0;,1 when ¢; = ¢;,1 and 6; > 0,1 when ¢; # ¢;,1. These states have
total energies ; B, and total momenta > ;i Pe;- The dual vectors will be denoted
by (@ - 0,] =10y - Op)] and clearly we have

GGGy 0101 O s, = [ [ 525(6; — 6)). (2.1.9)
j=1

Writing as in (2.1.8) vectors with different orderings of the creation operators, the
identity operator can be decomposed into

S 1 = * €
1= Zm > / d91"'/ dOn 101 On) e ™ 0N - 01].  (2.1.10)
N=0 -0 o0

e -

The solution (2.1.4), (2.1.6), defining the mode operators from the fermion op-
erators, is chosen in such a way that it satisfies the equations of motion, and that
the resulting mode operators obey the canonical anti-commutation relations (2.1.7).
However, the choice of such mode operators is not unique: we may re-define the
mode operators via Dy (6) — uyD4(0) for some pure phases uy, |ug| = 1, and still
have a solution to the equations of motion and canonical anti-commutation relations.
This amounts to a phase-redefinition of the states in the Hilbert space. The mode

operators are partially fixed by requiring further the crossing symmetry condition
(vac|Ug (0)|0 +im). = ~(0| W (0)|vac) (2.1.11)

where the form factor on the left hand side is obtained by analytic continuation in
0. This condition leaves one phase ambiguity: there is still an invariance under the
change D1 (0) — u* D, () for |u| = 1. This phase ambiguity will not play any role
in the following, hence we fix it arbitrarily by choosing the solution (2.1.4), (2.1.6).

2.1.2 Primary Twist Fields

The Dirac theory enjoys a U(1) internal symmetry: g +— e*™Wp o € [0,1).

The associated twist fields, o, (x,y), are local, spin-less, U(1) neutral quantum fields
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with bosonic statistics, and are known to have scaling dimensions o? [68]. Their twist

2mia

property, characterised by a locality index e“™“, can be expressed via a monodromy

property of correlation functions of time-ordered operators,
C(2) = (vac|T [+ Vp (2, y)0a(0) - - ] [vac).

Seeing C'(z) as a function of the complex variable z smoothly continued through the
y = 0 line, its continuation along a loop v surrounding once counter-clockwise the
origin is given by

C(e¥™2) = e 2™ C(2). (2.1.12)

This is true for any loop 7 that can be contracted to the origin without intersecting
the position of other twist fields possibly present in the correlation function. A
similar relation holds for the Hermitian conjugates \If}r%’ 1, but with the factor e
on the right-hand side, instead of e=2™@. This twist property can also be expressed

operatorially via equal-time exchange relations:

(

0a(0)¥p 1(2) (x <0)
Ve L(2)oa(0) = | (2.1.13a)
eQmo‘aa(O)\DR,L(m) (x > 0)
T [ 0OV, 0) (@ <0)
Yk o(2)oa(0) = (2.1.13b)

e 20, (0)Uh  (z) (z>0).

These naturally lead us to define primary twist fields with negative index via Her-
mitian conjugates:
a€0,1). (2.1.14)

O =0,

These exchange relations along with the property of being primary immediately
gives the form factors of the U(1) twist fields [30, 44, 59]. The simplest derivation of
the form factors can be found in [7], where the braiding relations (2.1.13) are Fourier
transformed to show that the twist fields induce a Bogoliubov transform on the
creation and annihilation operators. The properties of Bogoliubov transformations
are then used to extract the two particle form factors of the twist fields, with higher

particle form factors being calculated via Wick’s theorem.
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As twist fields are U(1) neutral they only have non-vanishing form factors with
U(1) neutral states and from the method described above we have, for —1 < o < 1,

(vac|oa(0)[010y - - - Ogn) 4o = cqm® (—1)"( D/ (M)

Yy’

- s+a ia Hi<j§n(“i — ) Hn+1§i<j (u; — uy)
" (H(UZ)Q () > Hn:1 HQZ +1(Ur + uy)

i=1
where there are n —’s and n +’s in the state, and u; := exp(6;). In particular, the

(2.1.15)

two-particle form factor is

L2sin(ma) e(01=02)

(vac|oy(0)]60162) 4 = cam (2.1.16)

21t cosh @ '

Note that the form factors (2.1.15) may differ from those written in other publica-
tions in the choice of the sign of o and in the choice of the sign of the two-particle
form factor (the latter amounting to an overall sign (—1)"). These choices relate
to our choice of exchange relations (2.1.13) (defining the operator o), and to our
choice of crossing symmetry relation (2.1.11) (defining the asymptotic states). Cal-
culations below, using the two-particle form factor, will show that the two-particle
form factor (2.1.16) leads to a behaviour of Wl (2)04(0) and Wg(z)o,(0) as z — 0
exhibiting a branch point in accordance to the exchange relations (2.1.13). Further
calculations will show that the disconnected, delta-function term in a crossing sym-
metry relation similar to (2.1.11) is correct, this being true only with the sign chosen
for the two-particle form factor.

The constant ¢, is chosen, up to a phase, in order to guarantee the CFT nor-

malisation of the fields:

1
(vac|oa (1, Y1)0—a(T2, Y2 ) [vac) ~ | as |z — 2| — 0. (2.1.17)

The phase of ¢, is fixed by requiring that it be real and positive. The evaluation of
the constant ¢, was first explained in [57] (this constant was first obtained in an un-
published note by Al.B. Zamolodchikov). This constant, or rather its generalisation
to the Dirac Fermi field on the Poinaré disk, was identified with Barnes’ G-function

in [25]:

(2.1.18)



2.2. The Massless Limit 21

Recall that the main property of Barnes’ G-function is G(1 + z) = I'(2)G(z), with
the normalisation G(1) = 1. In the next section we provide an alternative way of
evaluating c,.

Other matrix elements can be obtained by analytic continuation in the rapidities,
as is standard in the context of 1+1-dimensional QFT [75]. Note that the form
factors (2.1.15) and the Hermiticity relation (2.1.14) are in agreement with the

analytic-continuation formula
(vac|oa (0)|(01 +im) -+ (Oap +47)) ooy =TT (09, - - 01]04(0) [vac), (2.1.19)

where the analytic continuation is simultaneous on all rapidities.

2.2 The Massless Limit

If the mass of the model is set to zero in equations (2.1.1) then the fields \Ifg) become
holomorphic, \I/(LT) become anti-holomorphic and the model is reduced to a conformal
field theory. In this limit the non-vanishing two point functions of the Dirac fields
become

1
Rl 22

1
(vac|T [‘IJTL(£U1,y1)\I/L(x2,y2)] [vac)—o = - (2.2.1)
1— 22

<V&C|T [\I]}L%(xlvyl)‘IIR(anayZ)] ‘Vac>m:0 =

with multi-point functions evaluated via Wick’s theorem. It is known that repro-
ducing these correlation functions using bosonisation can prove insightful and this

is indeed the case here.

2.2.1 Bosonisation

We introduce holomorphic and anti-holomorphic operators e, (x,y) and é,(z,y),

a € R. They have bosonic statistics and the following correlation functions:

(vaclea, (21,41) - - €a, (Tn, Yn) [VaC)m—0 = 60,Zj a; H(_i(zj — 23,)) ",

i<k

(vaclén, (T1,y1)  *  €a, (Tn, Yn)|VAC) =g = 50,Zj o (i(z; — Z))9*  (2.2.2)
j<k
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for y; > yo > -+ > y,, where the power functions are on their principal branches.
These correlation functions lead directly to the following operator product expansion

[34]:

Tkaaw%¢ﬂyn~vwz—www(r+ u—zm)awufw@

o+ o

(z — z’)a') Carar (T',1), (2.2.3)

«

T e ey /’ N mo(if5 — )y 1
a1 i = ) (14 2
as well as the following equal-time exchange relations for the operators e,(z) and
€a():

iTralaQSgn(m?_wl)eaz (xQ)eal (1'1);

iwalazsgn(xlfxz)éw <x2)éa1<x1) (2.2.4)

€ay ($1)€a2 (]32) = €

on (T1)Cay(T2) = e

in both cases for z; # x5.
The principle of bosonisation rests on there being appropriate choices of the as
which provide an equivalence between these correlation functions and those of the

Dirac fields. If we identify

Ui = e’”’“w,}le,l, \I'J}% = e "™ wpe;

U, =e™*ure \IITL = e”/‘lwzlé_l (2.2.5)

where wg j, are pure phases the correlation functions (2.2.1) are recovered. This is
not the whole story, however, since these operators do not have the correct exchange
relations between left and right movers. To remedy this situation we introduce
Klein factors to guarantee fermionic exchange relations. In the present case the
Klein factors will take the form of quaternionic elements 1, j and f{, with both U
and \Il}r% proportional to j, and both ¥, and \IJTL proportional to 1. In each sector
these elements can be seen as part of the pure phases and hence do not affect these
correlation functions and in mixed sectors the anti-commutation relation 1] = —j 1
guarantees the correct statistics for the Dirac fields. As the only non-zero correlation
functions contain even numbers of both left and right moving fields the quaternionic

element k is never present. The precise identification can then be written as follows:

—z7r/4w—l N

Up=—e¢ Je—1, ‘I’E =e wje,

U, =™ wie, \IJTL = —e™ e . (2.2.6)
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Here, we have used the U(1) invariance of the Dirac theory in order to remain with
only one arbitrary phase w.

Using this bosonisation procedure we can put the primary twist fields discussed
in section 2.1.2 into the same framework. The basis for this identification is the
comparison between the exchange relations (2.1.13) and (2.2.4). Letting @ be the
U(1) charge of the Dirac theory we see that [Q, \IJE,L] = —\IJEL and [Q, Vg ] = VgL

and we can simply make the identification:
Oy = €48,e ™Q, (2.2.7)
The action of () on the operators e, and e, is given by
Qe e i@ = gmicag — (iQg iR — gicag (2.2.8)

Note that relation (2.2.7) along with the correlation functions (2.2.2) are in agree-
ment with the normalisation (2.1.17).

Correlation functions (2.2.2) can be realised using the Heisenberg algebra: one
usually writes e, (z,y) = e ?r@Y) and é,(x,y) = e "*¥L@Y) where @ are (appro-
priately normalised) holomorphic and anti-holomorphic free massless bosonic field,
respectively. The U(1) symmetry in terms of such fields corresponds to a shift of
both pr and ¢y by the same constant, and the arbitrariness of the phase w in
(2.2.6) can be thought of as an arbitrariness under shifts of ¢r and ¢ by oppo-
site constants. Also, in terms of the bosonic fields, the U(1)-twist field is simply

O, = €% with ¢ := pp — Vr.

2.2.2 Operator Product Expansions

From the relation (2.2.7) and the correlation functions (2.2.2) the leading coefficients
of the operator product expansions (OPEs) of Dirac fields with twist fields can
be computed. Accounting for the exchange relations (2.1.13) and the correlation

functions (2.2.2) we observe that

T \Ui(2,9)0a(0)| ~ (=i2)*0as14(0),
T [Vg(2,9)0a(0)] ~ (=i2) "0a-1a(0), (2.2.9)
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where we have defined,

. —im/4 2 =~ —iTQ
Oatla = € /WJ6a+1€a€ Q,

Oa—l,a = —e AT e 1Eqe ™0, (2.2.10)

for « € R. The power functions on the right-hand sides in (2.2.9) are on their
principal branches which is in agreement with the phases occurring in the exchange
relations (2.1.13) and the phase differences occurring through the cuts of the prin-

cipal branches. Further, we also find

T [qﬂL(m, y)aa(O)] ~ —iw ke ™R(i2) 0 i (0)

TV (z,y)0a(0)] ~ —iw?ke™(i2)%04.041(0). (2.2.11)

In order to simplify the OPEs (2.2.11), we need to specify both k and w.

As the CFT has both a U(1) symmetry and a symmetry under constant shifts
in ¢ there is no way to determine the phase w in the CFT context. But there are
non-zero correlation functions containing odd numbers of left and right movers if
twist fields are inserted and such functions will involve factors of k and w. While
fixing these correlation functions would remove these ambiguities there is no clear
principle to fix them by.

In the massive theory k can be written as an (almost) unambiguous operator.
We already know that k anti-commutes with all Dirac fields and squares to —1, so

we may write it as

k =eie™@ (2.2.12)

for some sign € = 4. In particular we have (vac|k |vac) = ei. Fixing k is important
since there are unambiguous non-zero correlation functions containing left and right
movers. In the bosonised language these functions involve a remaining operator k
which needs to be well defined. For our purposes the sign e can be left undetermined.
As well as fixing k the massive theory also breaks the symmetry under shifts in
¢ and this should allow us to evaluate w. The mass term in the Hamiltonian is
m imk

M e (W) War) — W (a)TR(2)) = 2 / de cos(p(x) +20)  (2.2.13)

47 T

with w =: € and the symmetry breaking is clear to see. w is fixed by defining ¢ such

that the twist field o, has a real and positive vacuum expectation value. The field



2.2. The Massless Limit 25

e has a real and positive vacuum expectation value if and only if the integrand in
the mass term has a minimum at ¢ = 0 mod 27. This ensures the main contributions
in the path integral formulation are at values of ¢ located symmetrically about 0,
and these values add to a positive real number. Hence the integrand in the mass
term must be cos ¢ and the coefficient in front of the integral must be negative in

bosonic sectors. So finally we see that
w? = —e (2.2.14)
Combining (2.2.12), (2.2.14) with (2.2.11), we find, independently of ¢, the OPEs

T W@ p)oa®)] ~ ~(7)0uas(0
TW(e,9)5a(0)] ~ ~(i2) 00041 0). (22.15)

In writing the twist fields in this form it is understood that
Oao i= Oq. (2.2.16)

It is now simple to use these definitions to define other non-derivative descendent
twist fields of the Dirac theory and then determine the leading and next to leading
terms in their OPEs with fermion fields. We define recursively 044, for integer

n > 0 via

T [Vh(@9)0atnal®)] ~ (12 0usnira(0).
T (Ua(2,9)00-nal0)] ~ (—i2)" *Can_1.(0). (2.2.17)

This gives the expressions, for & € R and n > 0 integer,

o —im/4 . ~\n —~  —iTx
Ootna = (€ /wJ) Cainboe ™

= (e ] en neqe” ™9 (2.2.18)

Oa—n,a

(these are in agreement with (2.2.7) and (2.2.10) in the cases n = 0 and n = 1
respectively). From these expressions along with the rules (2.2.6), (2.2.12), (2.2.14)



2.3. Descendent Twist Fields 26

and (2.2.8), and with the OPEs (2.2.3), we find the OPEs (for o — 5 € Z):

T [0 a0)] ~(=0)25 i) (14 20 0010

1+«
! (0)
20 | g
1 1,8

T [\I’TL(x,y)aaﬂ(())} ~o(—3)OBam1/2) (_q)a=BH1(jz)=8 (1 + 1 L 528> 00,5-1(0)

28) Oa,p+1 (O)

(2.2.19)

T [Wa(, 9)00,5(0)] ~(—)2@ 51/ (—iz) (1 -

T (Vi (2,9)00,5(0)] ~ (=)D (—1)* 7 (iz)? (1 -
1+
where © is the Heaviside step-function, ©(y) = 1 (y > 0), 0 (v < 0), and the
derivatives on the right-hand side are with respect to the arguments of the twist
fields, which are afterwards put to 0. In these OPEs, the next correction term is
equivalent to a term of order 2% (for the first two) or z? (for the last two) inside
the large parenthesis (but generally involve non-derivative descendents of the twist
fields written).
We may write these OPEs more generally by putting the twist fields at position
2,y and by replacing z by z — 2/ and Z by zZ — Z’ in the power functions on the
right-hand side. From this, taking derivatives with respect to 2z’ and Z’, we obtain

OPEs with first-derivatives of twist fields:

T [Wh(r, )00 5(0)] =(~)° 2 (10)(~i2)* 001 5(0) + O(*+2)

T (W, y)000,5(0)] =(—1) 272 (—ia) (—i2) 0 1,5(0) + O(z~**)

T :\I/TL(]::y)gO'a,ﬁ(O): = ()PPl (_1)o=BHL(18)(i2) P g, 5 1 (0) + O(z7F2)

T [U1(2,9)000,5(0)] =(=i) (1) (=iB)(i2)" 00,511 (0) + O(Z*).

(2.2.20)

Note that the first non-trivial corrections to the leading OPEs, corresponding to

pure derivatives of twist fields, are exactly zero.

2.3 Descendent Twist Fields

When deriving differential equations for the two point correlation functions of pri-

mary twist fields the intermediate steps involve descendent twist fields. So it is nec-
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essary to provide unambiguous definitions for these fields and evaluate their form

factors.

2.3.1 Definitions

Firstly we notice that (2.1.15) is an analytic function of o on C \ Z*, for fixed
rapidities; the points Z* := Z \ {0} corresponding in general to poles. Hence, it
is natural to use the formula (2.1.15) to define the fields o, for all @ € R\ Z*,
and by analytic continuation in the rapidities, all other matrix elements. Here we
are implicitly assuming that c, is also analytic in this region. Now the two-point
function of such twist fields is, for any fixed distance between the fields, an analytic
function of « on a neighbourhood of R\ Z*. In fact, we expect that the coefficients of
operator product expansions with the stress-energy tensor are “uniformly” analytic
in « at all distances. This means that the new field defined by analytic continuation
has dimension o?; we also expect the correct CFT normalisation (2.1.17).

The descendent twist fields with fermionic statistics, and in particular those
whose form factors with even numbers of particles vanish, are obtained through
regularised limits where the position of a Dirac field approaches that of a primary
twist field, or equivalently as coefficients of the operator product expansion. For «
in particular subsets of R \ Z*, we define two one-parameter families of Fermionic
twist fields via the coefficients occurring in the leading short-distance asymptotics
associated to the Dirac fields ¥ and \IJE:

T[T (2, )0 (0)] ~ (—i2)*ar1.a(0) for o < %

TVr(z,y)04(0)] ~ (—iz) %0a-1,a(0) for v > —%. (2.3.1)

As before, 7 is the time-ordering operation. The power functions on the right-
hand sides are on their principal branches; note that there is agreement between the
phases occurring from exchange relations (2.1.13) and the phase differences occurring
through the cuts of the principal branches. The requirement of phase agreement is
not quite enough to fully determine the particular power functions occurring: these
are consequences of CFT considerations of section 2.2, or of form-factor calculations

(performed below). From (2.3.1), we see that the new fields 0,41, have dimensions
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a?+a+1/2, spins ioz—i—% and charges 1. They also satisfy the hermiticity relation

Ol ita = O aFi—a (2.3.2)

The range of o shown is a consequence of the equations of motion, as we explain
shortly. We define fields for all & € R\ Z* again by analytic continuation beyond
the range of a shown.

The CFT considerations of section 2.2 also suggest that the same fermionic twist

field families can be defined using ¥;, and W'
T A 1
T W] (2, 9)0a(0)| ~ = (i) 00 a-1(0) for a > —
1
TV (x,y)oa(0)] ~ —(i2)Ca.a+1(0) for o < 3 (2.3.3)

Together with the equations of motion (2.1.1), this suggests the form of the leading
OPE for all « € R\ Z*:

T [Uh(@9)0a(0)] ~ (=i2)0us10(0) + T (i2)' 000 1(0)
T [ p(z,y)0a(0)] ~ (—iz)*aoa,l,a(ow1Ta(z'z)1+%a,a+l<0) (2.3.4)
and

T [0 9)0a0)] ~ =) 0aa-1(0) = 1o (~i2) " 0as1a(0)

T (2,9)0a(0)] ~ —(i2)%0a0s1(0) — ——(—i2) ' Cga_14(0), (2.3.5)

-«
where the meaning of ~ is that for any value of «, the term on the right-hand side
that is dominant gives the leading OPE. Note that according to these equations,
the leading term of the OPE occurring in the CFT is modified in certain ranges of
a by lower-dimensional “ghost fields”, like mo, o—1, which make no contribution in
the massless limit. This expansion can be verified by using the techniques of the
next section. We also note that sub-leading terms in these OPEs will have poles
at other integer values of a. It is, in principle, possible to calculate these OPEs
from perturbation theory [84] but this has not been attempted here. There may
also be more singular terms in the OPEs above, however, we assume no such terms

are present.
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Moreover, we notice that further applications of Dirac fields may lead back to

the original family of twist fields, o,. For instance, for a < 0 we have
T (@, 1)00001(0)] ~ =i(=i2)°00:1(0) (2:3.6)

which is a consequence of CF'T considerations. Note in particular that the double
application of Dirac fields preserved the CFT normalisation, because the Dirac fields
themselves are CFT normalised.

The next subsection is devoted to computing the form factors of the Fermionic
twist fields defined in (2.3.1), and to showing the correctness of (2.3.4) and (2.3.5).
In combination with these form factors, the consistency of (2.3.1) and (2.3.3) leads to
the non-trivial recursion relation (2.3.22) for the normalisation constant ¢,. Equiv-
alently, relation (2.3.6) can be used (since (2.3.6) is a simpler consequence of CFT,
this is a slightly more direct way of obtaining the recursion relation (2.3.22)). We will
show that it is indeed satisfied by (2.1.18). Interestingly, such a recursion relation

can be seen as a novel way of evaluating this constant.

2.3.2 Form Factors

We start this subsection by giving details of the computation of (vac|oa41.4(0)]0) -
The form factor is evaluated by expanding (vac| ¥l (2)04(0)]6); and finding the term
proportional to 2%, using (2.3.1). The result for the form factor (vac|o,—1,4(0)|0)_
is obtained similarly, by expanding (vac|¥ g(z)o,(0)|f)_ and so only one calculation
is presented here.

In order to obtain the leading short-distance behaviour of
(vac| W}, (x,9)04(0)]6) + (2.3.7)

we insert (2.1.10) between the two fields. For simplicity we consider z < 0, y = 0, as
this is sufficient to extract the one-particle form factors. The full z dependence of the
leading behaviour can be restored using rotation (or relativistic boost) covariance.

There is only one non-zero form factor of \IITR given by

(vac| Wl (2)]0)4 = V/me?/2eiwps (2.3.8)
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This means that there is only one term involving o, to be evaluated, which can be

accomplished using the form factor rules of [75] and the two-particle form factor

(2.1.16):

T(¢l0a(0)]0)+ = (vac|oa(0)]0, ¢ + im —i07) 4 + (vac|oa(0)|vac)é (0 — ¢)

. | a(0-4)
Ot2 Sln(ﬂ—@) e_,”ra e + Cama25(0 . ¢) (239)

2 sinh (%)

=c,m

The +i0" prescription is to be understood in terms of distributions: it is a pre-
scription as to how an integral should avoid the pole of the function. Putting these

together we see that

' A a(6—9) ,
(vac| Ul (2)0,(0)]0), = cama2+1/2we_”a/d¢e¢/2 ¢ e'™Pe
2m sinh (—9*‘1’; iO+>
+ cqm® 202 (2.3.10)

The integral is conditionally convergent. In order to make it a convergent integral,
we make a change of contour, shifting ¢ — ¢ — im/2. This shift of contour does not
give any pole contribution thanks to the i0™ prescription, and the result is indeed a

convergent integral for x < 0:

2 sin(ra)  —ira —ir e (0—0)
(vac|Wh(z,0)04(0)|0) 1 = com+1/2EUT o—ima/2 [ qg e /‘*e‘f’/Qme”’Eq5

2 )
+ c,m® +1/260/2€z:1:p9

; ) 0—(a—1/2)¢p+2E
— Cama2+1/281n(7ra)e—ma/2fd¢ e gi¢/ )¢7Z ®
s .
ie 2 —e 2

+ cum® 26002 gt (2.3.11)

In general, the leading behaviour at small z will be obtained from the large-¢
behaviour of the integrand. Let us analyse what happens at x = 0 in different
regions of a. In the regions @ < 0 and o > 1, the resulting integral is divergent.
In these cases, the leading small-x behaviour is growing, and can be obtained from
the leading large-|¢| behaviour of the integrand only. On the other hand, in the
region 0 < «a < 1, the integral converges, and the resulting constant is cancelled
by the term arising from the delta function as is discussed further in subsection
2.3.3. Note that this cancellation requires in particular the correct sign of the two-

particle form factor (2.1.16). Hence, in this case, the leading small-z behaviour is
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decaying, and can be extracted again from the leading large-|¢| behaviour by first
rendering the integral divergent by taking its first x-derivative. As explained before,
we expect the field 0441, to occur in the leading OPE for a@ < 1/2, and to have an
appropriate ghost field in the range o > 1/2, as per (2.3.4). We will see below that
the one-particle form factors agree with this. In order to evaluate the form factor,
it is sufficient to consider the region o < 0.

In order to extract the small-z behaviour in the region o < 0, we split the integral
into two regions, ¢ € (—o00,0) and ¢ € (0,00). In each region we pull a factor out
of the fraction to leave a denominator of the form 1+ n where |n| — 0 as |¢p| — oo,
and we then Taylor expand each fraction. This gives

(vac|\lf}%(x, 0)7a(0)]6)+ ~ Camazﬂm—sm(ﬂa)e_””"/Qx
™

|:/oo dgb (_e(a+1/2)6—a¢+$E¢ . ie(a+3/2)6—(a+l)¢+xE¢ + .. ) +
0

0
/ d¢ (_/L'e(a—l/Q)@—(Oé—l)(b-i-J}E(j) - e(a—3/2)9—(a—2)¢+xE¢ + - ):| ] (2312)

The leading divergent term for o < 0 occurs in the region (0, c0). This term can be
rewritten using a modified Bessel function:

o0 fo%S) 0
/ do (efa¢+:EE¢) = / do (e*adﬂrmz cosh ¢>) _ / do (efa¢+mx cosh ¢)
0 —

—c0 00

= 2Kjq(—ma) + O(1) (2.3.13)

as x — 07. Hence, the integral diverges like

I(—a) ( 2 )a . (2.3.14)

—mx

The first equation in (2.3.1) allows us to identify the coefficient of the divergence
with the one-particle form factor we are seeking. We obtain:
—ima/2

€ a2 (0% (0%
<V&C’0’a+1’a(0)‘0>+ = Camm + +1/26( +1/2)9. (2315)
By analytic continuation, this provides the form factors for all & € R\ Z*.
In order to verify the full z-dependence of the leading behaviour (2.3.1), we may

use the spins of the operators involved and examine the effects of a relativistic boost
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of rapidity 3 about the origin. Acting with the boost operator Rg, defined essentially
by Rg|9> = |0 + (), we see that

RaUh(z,y)RE = e”* Ul (24,y5) and Rsoa(0)Rf = 0,(0)  (2.3.16)

as the fields have spins 1/2 and 0 respectively. Here, x5 and yg are obtained using

z5 = €’z and z3 = e P2, Moreover, from the form factor (2.3.15), we find that
R30041.a(0) Rl = e*T/28,(0). (2.3.17)

Hence, the field 0,11, has spin a + 1/2 (as mentioned above). When acting with
the rotation operators on Wh(z,)04.4(0), we can either perform the boost first and

then use the OPE:

RyUh(x,9)0a(0) R = "Wl (24, y5)04(0)

~ P2 (—i2e?) %0, 11.4(0) (2.3.18)
or vice versa:

RpUh(2,y)0a(0)RY ~ (—i2)*Rpoas1,a(0) R}

= (—i2)% VD5 (0). (2.3.19)

Agreement here is in line with the first equation of (2.3.1) and so gives us confidence
in our method.
The one particle form factor of the field 0,1 (0) can be calculated in a similar
way, using the second relation of (2.3.1). The calculation, in the range o > 0, gives
eima/2 2
(vacloa—14(0)]0)- = —icammo‘ —atl/2p(atl/28 (2.3.20)

which, by analytic continuation, holds for all & € R\ Z*. Note that
(vac|oa—1,4(0)|0) - = —i(vac|o_a11,-a(0)]0) .

With the crossing symmetry relation (vac|oa—1.,(0)|0 + im)— = T(0|0a—1.(0)|vac)
along with the hermiticity relation (2.3.2), this implies

—i(vac|oa—1,(0)]0 +im); = ((vacloa—1,4(0)]0)1)"
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which is indeed satisfied by (2.3.15).
All higher particle form factors are obtained using Wick’s theorem. The form
factor

<Vac|aa:tl,a(0)|917 s 7927’L+1>61,‘..,€2n+1

is the sum over every term obtained by a product of n (normalised) two-particle form
factors of o, associated to n disjoint pairs of particles (contractions), multiplied by
the one-particle form factor of 0,11 o associated to the remaining unpaired particle,

with an appropriate sign depending on the number of crossings of the contractions:

(vac|oas1,a(0)61, - - -, O2ni1)er,eonsn =

_ n(vac|oa(0)]0s., 0t Ve, e
Z (_1)CI‘OSSIHgS (H o S;; tj/€s5€t; <Vac|aail,a(0>|0q>eq-
partition {q;(Sj,tj):jzl ,,,,, n} Cal

j=1
of {1,...,2n—1}

We now have a working definition of both primary and descendent twist fields
and have evaluated their form factors. These will be used in chapter 3 to verify
the action of conserved charges in a double model Dirac theory. This is a key step
towards our goal of deriving a set of differential equations for the two point functions
of twist fields. First however we use the methods applied in this section to further
verify the short-distance behaviour of twist fields and find ways of evaluating the

constant c,.

2.3.3 A Recursion Relation For ¢,

We now proceed to verify the relations (2.3.4) and (2.3.5), as well as (2.3.6) and
other similar relations. As we will show, these in fact provide a non-trivial recursion
relation for the constant c¢,. This recursion relation can in fact be used to evalu-
ate the constant c,, since, for instance, relations (2.3.4) were deduced solely from
CFT arguments. We note, in particular, that this way of evaluating ¢, implements
the CFT normalisation of the twist fields somewhat more clearly than in previous
methods [57].

First, we may verify the first relation of (2.3.4) in the range o > 1 by evaluating
the leading diverging term of (vac|¥h(2)04(0)|0), for o in that range. Starting

with (2.3.12), we need only to consider the region of integration (—oo,0). We can
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re-write the integral of the first term displayed using a modified Bessel function, in
a similar fashion to what was done in the previous subsection. Comparing with the
mass term in the first relation of (2.3.4), we find the equation
e~ime/2 2
(vac|ogn-1(0)|0)4 = icamma —atl/2p6(e=1/2) (2.3.21)

After a shift a — « + 1, comparison with the form factor (2.3.15) gives the relation

Ca MNa+1)
o T(=a) (2.3.22)

It is a simple matter to verify that this relation is indeed satisfied by (2.1.18) using
the properties of the Gamma function and of Barnes’ G-function. We remark that
this provides a very non-trivial check of the validity of the definition of the fields
Oat1,e Dy analytic continuation.

The recursion relation (2.3.22) along with the symmetry property ¢, = c_, gives
a way of evaluating c,. Indeed, although these relations have many solutions, the
solution is made unique by imposing additionally the normalisation condition ¢y = 1
and the conditions of monotonicity and convexity in the range « € [0,1). These extra
conditions are indeed satisfied by (2.1.18). The normalisation condition ¢y = 1 is a
simple consequence of the fact that o, is the identity operator at o = 0. However,
we do not have clear arguments for monotonicity and convexity from quantum field
theory. We note that all calculations in later sections are unaffected by the explicit
choice of the solution ¢,, and only follow from the recursion relation (2.3.22) (along
with, implicitly, the symmetry property and the normalisation condition).

Second, we may complete the verification of the first relation of (2.3.4) by
analysing the region 0 < a < 1. We first note that the + = 0 value of the in-
tegral in the first line of (2.3.11) is

e(0—-¢) 2eime/2

dep e~/ 4e9/? = /2. 2.3.23
/ ® sinh(%52 + ) sin(mo) ( )

This can be obtained by first shifting ¢ — ¢+ 6 in order to extract the §-dependent
factor, then by shifting the contour ¢ — ¢ — 2irm, getting the pole at ¢ = —3in/2,
and noticing that the integral with a shifted contour is just the initial integral up

to a phase (solving the resulting equation gives the answer). Hence, we indeed
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find that the quantity (2.3.11) decays as x — 0. The power law of the decay can
be obtained simply by taking a derivative with respect to x: it is then a divergent
behaviour, hence can be obtained by the techniques illustrated above, using (2.3.12).
We then integrate over = in order to recover the leading OPE. The leading term is
different in the regions o < 1/2 and a > 1/2. For a < 1/2, we recover the first
equation of (2.3.1), with (2.3.15). For a > 1/2, taking into account the conditions
on the spin, the power law is (iz)!~*, and the coefficient is identified with a multiple
of the one-particle form factor of the field mo, o—1. The proportionality constant
can be evaluated using (2.1.18), and this again only involves verifying the recursion
relation (2.3.22). The resulting leading OPE is in agreement with the first equation
of (2.3.4) in the range 1/2 < a < 1. The case a = 1/2 simply involves the two terms
calculated, again in agreement with (2.3.4).

Third, in a similar way, we may verify agreement of the form factor (2.3.20) with
the second relation of (2.3.4) by considering the ranges o < —1 and —1 < «a < 0,
and by using similar arguments as those above. For the range v < —1, the mass
term of the second relation of (2.3.4) leads to the equation

imo /2
<Vac|0a,a+1(0)\9>_ = Caﬁm(x2+a+l/26€(—a—l/2)‘ (2324)

Again, comparing with (2.3.20), this leads to the recursion relation (2.3.22), hence
is satisfied by (2.1.18). Likewise, the relations (2.3.5) can be verified along entirely
similar lines.

An alternative way of deriving a recursion relation for the constant ¢, is to notice
that multiple applications of the Fermi fields can lead back to the family of primary
twist fields o,. By rearranging (2.3.6) we have that

0011(0) ~ i(—i2) T[] (7, y)Taa11(0)] (2.3.25)

as z — 0 (for a < 0). The vacuum expectation value of 0,41(0) can be calculated

from this relation in the same way as the one particle form factors were calculated
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in subsection 2.3.2. Firstly (2.1.10) is inserted between the fields to give

(Vac| U (2, )0 1 (0) [vac) = / 40 (vac| Wl (2, 4)16) (0|0 .a1(0) Jvac)

:\/ﬁ/dG 2 e~ vEo im0 (vac| gy, 0 41(0)]60 + i)
o2 tatl 6—i7ra/2

— [ dge 20 vPetizre (9 3 96
I'(1+a) / ¢ (2.3.26)

= —icym

Doing as before, we set y = 0 and shift the integration contour, 6 — 6 — ir/2. We

then take the small x expansion to obtain:

1
vac|U! 2,0)04 at1(0)|vac) = — icamo‘2+o‘+1 df e—0+eEo
R ot —)

I'l+ o
. I'(—a) 2\ “
a?4a+1
~— iCy . (2327
tCallt I'l+a«) (—mx) ( )

where on the second line we assumed « < 0. Hence (2.3.25) gives

(—
(vac|oas1(0)|vac) = caqm @t = cama2+2a+1ﬁ (2.3.28)

which gives again the recursion relation (2.3.22).

Finally, it is worth mentioning that the matrix elements <vac|aa(0)\llg7 1 (x)]0),
and (vac|o,(0)Wg 1(z)|f)c can be evaluated by similar methods, but without the
need for using crossing symmetry. The result is in agreement with the exchange
relations: for instance, for x < 0, the same function of  and 6 is obtained as for the

matrix elements <VaC|\I/J}r%7L(ZL‘)O'a(O)|0>E and (vac|Ug 1 (x)0,(0)]6), respectively.



Chapter 3

Correlation Functions of Twist

Fields

Our approach to deriving the differential equations satisfied by the twist field two
point function takes inspiration from [33] where two non-interacting copies of Ising
field theory are considered. Since the two copies are identical there is invariance
under rotations between them. This extra continuous symmetry leads to Ward
identities which allow differential equations for the two-point spin-spin function,
and other objects, to be written down. Here we apply the same approach to twist

fields in the Dirac theory.

3.1 The Double Model

Our double model consists of two copies of the Dirac theory defined in section 2.1 and
we denote the Fermi fields of each model as ¥ and ®. The creation and annihilation
operators are Dﬁ)(e) and Ej(j )(9) respectively and necessarily satisfy all the relations
of section 2.1 independently of each other. As the two copies do not interact they

satisfy the anti-commutation relations
(U (2). 2 ()} =0 and {DL(61), BV ()} = 0. (3.1.1)

There are also twist fields associated with the independent U(1) symmetries of

the two copies. Where relevant we use a superscript to denote the copy each field

37
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belongs to: o¥ and o® for example. The same notation will be used more generally

to denote which copy any other operator belongs to.

3.1.1 Conserved Charges

Both energy and momentum are conserved charges of the single-copy model. They
are associated to the dynamical invariance under space and time translation: the
equations of motion (2.1.1) possesses this invariance. In the double-copy model,
the energy and momentum conserved charges are the sums of the corresponding
charges of each copy, however, there are other conserved charges in the double-copy
model that can be constructed. As the two copies are non-interacting, the energy-
momentum operators for each are still independently conserved quantities, and can
be combined in various ways to give new conserved quantities. The two specific
conserved charges that are of interest to us are the differences of the momenta of
the single copies. We define P and P via the following action (these conserved

charges are chosen to be anti-Hermitian):

[P, 0Y0%] =i00YO* — i0Y00?
[P,OY0% = —i00YO* +i0Y00?. (3.1.2)

This holds for any local fields O¥ and O? interacting non-trivially with fields in copy
U and ® respectively. In particular, the actions on the creation and annihilation

operators are

[P,D.(0)] = —ime’D.(0), [P,E+(0)] = ime’EL(0),
[P, D+(0)] =ime™"D.(0), [P,E+(0)] = —ime *EL(0)

from which it is simple to derive an explicit expression for P and P through bilinears
in the creation and annihilation operators.

In the double-copy model, there is yet another conserved charge, Z, related to
the O(2) rotation symmetry amongst the copies. Written in terms of the Fermi

fields ¥ and @, the charge Z is (again, chosen to be anti-Hermitian):

1
7= / dz(UpdhL + U, 0! + Uhog + Ul (3.1.3)
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The action of this charge on the creation and annihilation operators is
2, DL.(0)] = —EL(6) (2 EL(9)] = DL(6) (3.1.4)

and similarly for DL (0) and E.(0).

It is of course possible to obtain higher order conserved charges by commutations
amongst P, P and Z. In the approach of [33], where the Ising model was studied, it
is assumed that P, P and Z all preserve the quantum state where correlation func-
tions are evaluated, and the Ward identities corresponding to certain higher order
conserved charges are used to derive differential equations for spin-spin correlation
functions (it was also observed there that the higher order conserved charges form a
,g(?) algebra). However, it turns out that this is not necessary, as was noticed in [26].
Indeed, the Ward identities coming from the invariance under the Z-action alone are
sufficient to obtain non-trivial equations for correlation functions — we do not need
to assume that the dynamical space-time translation symmetry is a symmetry of
the quantum state under study. When the quantum state does possess this symme-
try, the space-time dependence of correlation functions simplifies, and the resulting
equations are the integrable differential equations describing the Ising correlation
functions. As we will see, the same structure occurs in the present case of the Dirac
theory, with additional conditions. It turns out that we need parity invariance in
order to further simplify the space-time dependence of correlation functions and in
the most general case considered rotation symmetry is also required. This is an
important remark, as it shows that the method may have applicability beyond the
cases where the quantum states are invariant under these space-time symmetries.

In the next section, we will derive the integrable differential equations from
the Ward identities associated to Z, and use the simpler space-time dependence of
correlation functions coming from translation, parity and rotation symmetries. In
appendix A the special case of (0, (21, y1)04(22,y2)) is considered as it is possible to
write down the differential equations in the absence of these symmetries, however
we have not been successful in identifying a structure to these equations.

As was observed in [26] (in the generalised situation of a theory on the Poincaré
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disk), it is the relation
(P[P, 7)) = [P, [P, 7]] = 4?7 (3.1.5)

which provides the dependence on the mass in the differential equations. Relation
(3.1.5) corresponds essentially to the equations of motion of the theory, as expressed
using the charge Z. It can be derived from (3.1.2) and (3.1.3) using the equations
of motion (2.1.1). Relation (3.1.5) is the only one where the massive theory is
used: besides it, we only need the action of Z on products of twist fields and their
first derivatives in order to find the differential equations, and this action, as is
verified below, is solely a consequence of CFT calculations (i.e. calculations using

the massless limit of the theory).

3.1.2 The Action of 7

In order to determine the action of Z on products of twist fields we look to the
massless CEFT description our model given in section 2.2. The OPEs (2.2.19) and
(2.2.20) combined with the integral expression for Z, (3.1.3), allow us to accomplish
this task.

Firstly we note that in the CFT Z decomposes into a sum of left and right
moving conserved charges, Z = Zr + Z;. We can then evaluate the commutators of

the local charges Zr and Z with local fields as contour integrals:
1
20,00 = 5= fds (Vnle.p)h(e0) + Vhia.n)Ba(r.0)) O0)
1
20.00) = =5 §ds (Valo,n)Bl(w0) + V(o 0)Ps(2.0)) O0)

where we have set —iz — s and iZ +— s respectively. By replacing O with a
product of twist fields of the form oYo® and using the OPEs (2.2.19) and (2.2.20),
as applicable, we can then evaluate these integrals using the residue theorem.

This method will only provide useful results when the pair of twist fields are at
the same space-time point, otherwise the result of the action of Z will be non-local
and the Ward identities arising from this will not be useful. As a result in the rest of
this section all the fields are evaluated at the same point, (0,0) for instance, and we

neglect to write this location with the fields to make our equations easier to read.
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Putting all this together we see that the action of Z on pairs of twist fields

involving no derivatives is given by:

(Z,0)0r] = 0 (3.1.6a)
1Z, C’a a— 1] = i(ag—l,aag,a—1 - U;Il,a—ﬂf—m) (3.1.6b)
1Z, U;PUSH] = i(05+1,a03,a+1 - O-;zp,aJrlo-erl,a) (3.1.6¢)

Z, U;Ilﬂ,aas,aﬂ] = i(USUSH - U;Ij+105> (3.1.6d)
1Z, U;Ij+10$—1] = é ((305,%1)02,06—1 gaﬂ(aga a1)t
(5g§’+1,a)0—$—1,a - a+1 a(aga 1 a)) (3.1.6e)
1Z, ‘75710211] = é (U;Il,aq(agg,aﬂ) - (8‘75(171)‘730(“"‘

g—l,a(éas—&-l,a) (aaa la) 54—1704) . (316f)

It should be noted that such relations can only be obtained when the twist fields in-
volved have the same monodromy factor, modulo 27, otherwise the residue theorem
cannot be applied.

Similarly we find the action of Z on products of twist fields involving one deriva-

tive to be:

2,(00)05] = (041000110 — Tat1.000-10) (3.1.7a)
2.(00)05] = (0na 100011 — Taai1%aa 1) (3.1.7b)
[Z,((’)ao‘f’)afﬂ] = Z((aaaa—H) $+1a_ ;Ij+1a(a%a+1)) (3.1.7¢)

2, (00)0511] = i(on a+1(50a+1a) (00341,0) aa+1) (3.1.7d)
12,(00)05 1] = (0040 1)00 10— 14(00501))  (3.1.7e)
2,(00)05 1] = (000 1(005 1) = (001 4)000 1)  (3.1.76)

1, (80a,a+1)ff§+1 o = ioy 11(00 &)~ (805)U$+1) (3.1.7g)
2,(004110)00011] = 1(05(00541) — (0041)07) (3.1.7h)
2,(005 0 1)00110) = i((00341)05 — 04(905,1)) (3.1.71)
2.(00511,0)0001] = 1((003)05 1 — 0441(907)). (3.1.7))

The relations (3.1.6) and (3.1.7) were calculated in the CFT and we wish to

examine correlation functions in the massive Dirac theory, so we must be sure these
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relations also hold in this instance. To verify that these relations can be carried over
to the massive case we use the form factors presented in chapter 2 together with the
knowledge that Z|vac) = 0. Armed with this information we can place the vacuum
to the left and a multi-particle state to the right and evaluate both sides of each

relation. For example when verifying (3.1.6¢) with two particles we may examine

(vacl[Z, 040311107 03) +— = (vacli(03 41 000 011 = Oaat10at1,a)l0103)+— (3.1.8)

The left hand side can be evaluated using the action of Z on the creation operators
together with the form factors (2.1.16), while the right hand side is evaluated using
the form factors of section 2.3. These expressions are then found to be equal using
the recursion relation for ¢, (2.3.22).

This operation has been performed on all of the relations (3.1.6) and (3.1.7) with
up to four particles in the state and agreement is found for each. As this agreement
is very non-trivial it provides strong evidence that these relations do indeed hold for
all matrix elements in the massive theory.

The origins of equations (3.1.6) are not obvious without reference to the CFT.
Equation (3.1.6a), however, is easy to verify, and using this (3.1.6b) and (3.1.6¢)

can be ‘derived’ from the relations of the type
\IJE\IJLUQ — 0q11  and \IIR\I/TLaa = Ot

(see (2.3.3) and (2.3.6) for the exact relations). The other equations do not appear
to have such simple origins but have all been verified by the method described above.
We also note that the left-hand sides of (3.1.6b) and (3.1.6¢) are the same up to a
shift in indices and a relabelling of the fields and that the right-hand sides are also
consistent with these operations, indicating that our relations are consistent.
Finally, the action of Z on fields involving higher numbers of derivatives are not
in general expected, in the massive theory, to be in agreement with calculations from
CFT. However, the only relations required at present can be obtained by using those
above along with the equation of motion of the charge Z (3.1.5). Indeed, we only
need the action of Z on double-derivative fields of the form [P, [P, 0¥ O®]], which
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we can evaluate using

2. [P, [P,0"O%]]
=[[P.[P. 2], 0% O%|+[P.[Z,[P, 0" O] +|P,[Z,[P,0" O] - [P, [P, [Z, 0" O]
= 4m?(Z,0" 0% + [P, [Z,[P,0*O"]]] + [P, [Z,[P, 0" O] - [P, [P, [Z, 0" O%]]]
(3.1.9)

This is how the mass dependence will appear in the equations for correlation func-

tions.

3.2 The Correlation Functions

The aim of this section is to derive differential equations for the two point correlation
function of twist fields. This is accomplished using the double model described in
section 3.1 via the action of the conserved charges P, P and Z. We also endeavour

to keep the state where the correlation function is evaluated as general as possible.

3.2.1 Correlation Functions of Interest

Firstly, the states we consider must be invariant under the action of Z. The first
general form of a state we consider here is the mixed state where the average of an

operator A is given by
Tr (eVA)
Tr(eV) ’

where V' is a bi-linear in the creation and annihilation operators, or equivalently

(3.2.1)

the Dirac operators. In the double copy model V¥ + V? is invariant under O(2)

rotations between the copies and hence

Tr (ev%rv@ A)

Tr (eV¥+V7)

(3.2.2)

vanishes when A is of the form [Z,---], which is the form of the Ward identities
associated to Z. This type of state includes the finite temperature state V- = —H/T,
at temperature 1" as well as the zero temperature limit, that is to say the vacuum

state.
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Averages of quantum states can also be given by
(B'|A|B) (3.2.3)

where |B) = ¢"|vac) and |B’) = " |vac) are boundary states with V and V' again

being bi-linear in the creation and annihilation operators. As before
(BYY(B")®*|A|BYB®) (3.2.4)

vanishes when A = [Z, - - -]. The integrable boundary states [37] of the Dirac theory
have this form.

As the action of Z on local fields is also local the exact space where the quan-
tisation holds is irrelevant and we may choose an alternate Hilbert space quantised
on a finite line segment, the circle of length L for example, while still considering
the states mentioned above.

In the rest of this section the notation (A) is used to represent (3.2.1), (3.2.2),

(3.2.3) or (3.2.4), it being clear when we are referring to the single or double models.

3.2.2 Symmetries

Before discussing the symmetries of correlation functions we first discuss some ob-
servations arising from the definitions of the twist fields.

Firstly we observe that correlators of the form

(Oaax1(®,9)055(0)),  (Taat1(T,¥)00a+1(0)) and  (0aa-1(7,¥)0aa-1(0))

vanish as a consequence of U(1) charge conservation.

Secondly, since primary twist fields commute we see that

(0a(T1,Y1)05(72,92)) = (05(T2, Y2)oa(T1,11))- (3.2.5)

To obtain a similar relation for descendent twist fields we must look to the braiding

relations (2.1.13), and recall that by definition

rartale,y) = lim(=i(: - ) Th(, i )oule.)
Oaat1(®,y) = lim(i(z —w)) V(2" v )oa(z,y) (3.2.6)

Z—w
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where z = —5(2'+1y') and w = —5(x +1y) are appropriately time ordered (y' > y).
The factors (—i(z — w))™® and (i(z — w))~* are taken on the principal branch,
and so are continuous exactly where \I/E(x’,y’)aa(x,y) and V(2,9 )oq(x,y) are

continuous. Using these definitions and (2.1.13) we obtain

<Uﬁﬂ+1 (x27 y2)0a+1,a ([L‘l, y1)> =

—e2™Bif 1 > 1y
(Cat1,a(T1,91)08,84+1(22,92)). (3.2.7)

—e?m i 1y < 29

We now discuss how space-time symmetries affect the form of our correlation
functions. Space and time translation invariance reduces the space-time dependence
of the correlators to their relative positions, effectively allowing us to place one of
the twist fields at the origin.

Space and time parity symmetry allow further simplification of certain correlation
functions. In two dimensions these symmetries can be combined to give invariance
under a rotation of m. Since this symmetry is Euclidean it cannot be expressed
solely through the action of a unitary operator but is instead a relation connecting
vacuum expectation values. This symmetry says that there is a unitary operator R

which performs a parity transformation on local fields such that
(vac|O1(21,11) - - - On(n, yn)|vac) = (vac| RO, (2, yn) - - - O1 (21, y1 ) R [vac) (3.2.8)

whenever the local fields O;(x;,y;) are time-ordered: y; > ... > y,. R does not
act trivially on the vacuum, rather it transforms an in-vacuum to an out-vacuum
and vice-versa but it does act locally on local fields, multiplying time and space
coordinates by —1 so the correlation function on the right hand side is still time
ordered. Relation (3.2.8) originates from the Euclidean path integral picture which
is only connected to the operational picture when the operators are time ordered.
This relation represents the invariance of Euclidean correlation functions under a
rotation of the Euclidean plane by 7.

The operator R can of course be seen as a shift of rapidities by im but in the
present circumstances there is a better way of representing it. We may view R as a

combination of two symmetries, space parity S and time parity 7"

R=TS. (3.2.9)
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The space parity operator S is linear and satisfies
SUp(r,y)S = +iV, p(—2,y), S*=1, (3.2.10)
while the time parity operator T is also linear and satisfies
TUrL(2,9)T =V p(z,—y), T?=1. (3.2.11)

Note that 7" is not an anti-linear operator because it inverts the Euclidean time
instead of the real time and so is akin to a parity operator. These symmetries
clearly preserve the equations of motion (2.1.1) and so are dynamical symmetries of
the model. From the relations above we see that the actions of S and T on D, (6)

are
SD+(0)S =FD+(—0) and  TD()T = —iDL(-0) (3.2.12)
and the combined parity transformation has the action
TSV (x,y)ST = +iVp 1 (—x, —y), TSDL(0)ST = +iDL(0), (3.2.13)
with the following simple operator representation:
TS — exp {% / a6 (D' (6)D1(6) + D (6)D_(6)) | . (3.2.14)

From (3.2.13) we see that creation operators are transformed into annihilation
operators of opposite charge and vice-versa. When combined with (3.2.8) the invari-
ance property can be extended to correlation functions involving arbitrary states.

Again with time ordering y; > ... > y, we have
(B'|O(21,91) -+ On(@n, ya)|B) = (BIROu(2n, yn) - Or(21, 1) R'[B')  (3.2.15)

where |B) and |B’) are the states obtained from |B) and |B’), respectively, by
inverting the charges of all particles, with extra factors —¢ and +i for each particle
if the new charge is — or + respectively. Thus a rotation by 7 in the Euclidean
picture takes particles coming from the past and rotates them to come from the
future, which can then be interpreted as going towards the future if there charge is

conjugated (a particle moving forward in time is the same as its anti-particle moving
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backward in time). Parity invariance can be generalised to mixed states using the
trace definition and (3.2.15) on the summand in the trace.

Next we want to examine how twist fields transform under the parity symmetry
R. Since o, is spinless, and since 0,41, and 0, 441 have opposite spins, it is clear
that 0, (2,Y)0a+1(0) and 0441,0(%, ¥)0a.a+1(0) transform under rotation by rotating
the coordinates, without phase factors associated to the spin. There is an extra
subtlety, however, relating to the fact that we only ask for invariance of the state
under rotation by the unique angle m. As a consequence, the correlation functions
may depend on the direction of the cut emanating from the twist field, which we
have chosen to be towards the right according to (2.1.13). After a 7 rotation, the
cut goes in the opposite direction. This can be represented by the presence of an

extra U(1) transformation operator, so that we have
Rog(z,y)R" = 04(—x, —y)e*™Q (3.2.16)

where @ is the Hermitian U(1) charge. The operator e*7@ is effectively a branch cut
along the whole z-axis, cancelling out the twist fields cut to the right and reinstating
the cut to the left. From (3.2.6), and remembering that relation (3.2.8) inverts the

positions of operators, this leads to

Rgoz-‘rl,a(xay)RT = e—iw(a+1/2)0_a+17a(_x7 _y)BQMOCQ (3217)

im(at1/2)

Ro-a,a-i—l(x?y)RT = € Oa,a-}—l(_xa _y>€2maQ' (3218)

Hence, a parity transformation gives us, using translation invariance of the state,

2miaQ

<Ua+1,a(xay)0'a,a+1(0)> = _<0a,a+1(0)6 Ua-l-l,a(_x:_y)eZﬂiaQ)C

—2iTo <

= _—¢ 47rz'aQ>c

Oa,a+1 (J], y)0a+1,a(0, 0)6

where the superscript ¢ means that the state is as in the right-hand side of (3.2.15)

(or its generalisation to mixed states). Likewise,

G(z,y) = (0a(7,y)0as1(0))
= (0ar1(0)oa(—z, —y)e
= {0ur1(2,y)0,(0)e! Q). (3.2.19)

47rio¢Q>c
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Hence, parity invariance for these twist field correlation functions requires the fol-

lowing condition on the state:
(- efmiaQye — (L., (3.2.20)

This condition is assumed to hold for all the states below.

This parity symmetry is enough to simplify correlation functions of certain pri-
mary twist fields and those involving certain descendents, as discussed below, but
in order to derive equations for more general correlation functions we will also re-
quire our states to be rotation invariant. This will allow the simplification of general
correlators of descendent twist fields.

From the definitions given in section 2.3 the spin properties of the descendent
twist fields are evident. Imposing rotation invariance on the states considered allows

us to use this knowledge to write

(Tatta(wi)og gy (ws)) = (i(wr —ws)) = LA (Jwr — ws). (3.2.21)

The choice of factor (i(w; — wy))?~® is in some sense arbitrary, but defined on the

principal branch, it is convenient as, from (3.2.7), we can also write

(05,501(W2)Tar1a(wr)) = =™ (i(wi — w2))? = L1 (Jwi — wal) (3.2.22)

where the same function ffffr;(\wl — wy|) is involved and ¢ = « if z(wy) < x(ws)

or ( = if x(wy) > x(ws). This choice will not influence any future calculations as

we will always consider products of the form

<004,Oé+1 (:B7 y)oﬁ-i-l,ﬁ(()v O)) <0a+1,a(x> y)o—ﬁ,ﬁ-ﬁ-l (07 O)>> (3'2'23)

so the same constants will occur everywhere.

Now setting z = re? and z = re ¥ it is possible to factorise the r and 6

dependence of these correlation functions:

<0a,a+1(5€7 y)aﬁﬂ,ﬁ(oa O)) = pew(afﬁ)fl (7’)
(Castal@, 9)0,511(0,0)) = g*P= fo(r) (3.2.24)

where p and ¢ are phases, as in (3.2.22), coming from (2.1.13), and the functions f;

and f, will be discussed in section 3.2.5.
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Following the same arguments we also see that when rotational invariance is
imposed there is no  dependence in correlation functions of primary twist fields, as

they are spin-less, so in this case

(0a(z,)05(0,0)) = F(r). (3.2.25)

3.2.3 Ward Identities

We are now ready to write down the Ward identities coming from the actions of P,
P and Z and simplify the resulting equations. The Ward identities of interest here

are:

(12,0 (0% 101 ()11 (000 541 (0)]) = 0 (3.2:26a)
([2,[P.03 o(2)05 1,041 (2051 5(0)05 5.1 (0)]) = 0 (3.2.26D)
([Z,[P, GS,Q(Z)USH,QH(Z)]Ugﬂ,g(@)gg),ﬁﬂ(@)b =0 (3.2.26¢)
(2, [P.1P. 0% ()02, iy (] (000851 (O)]) = 0 (3.2:264)
(2, [P, 05 o(2)05 1,051 (I[P, 0541 5(0)05 5.1 (0)]]) = 0. (3.2.26e)
At this point it is useful to introduce the notation
F15(w,y) = (0a,5(2,9)0,5(0,0)) (3.2.27)

to make the functional equations resulting from the Ward identities (3.2.26) easier
to write. Applying the actions of P, P and Z we see that these equations become,

respectively:

FUT R () = FEM R 0 (2) + FLIG R () = 0 (3.2.280)
OF L () FI0 0 (2) = L () 0F 5 (2)+

OFFHLIHL N FEE 1(2) — FOEY ()9F20 L 1(2) =0 (3.2.28D)
OF () FI (2) = FIN(2)0F A ()

— ORI ) F o (2) + FIEY T (2) R o () = 0 (3.2.28¢)



3.2. The Correlation Functions 50

QOF (31 (D) FU0 (2) = OF ) ()R 0 (2) = OF LM (2)OF (0 (2)
+ Fat 0 (2)0F 1 (2) — amP B () FUEAT (2) + O0FEY T (2) B o (2)
—OFJ PN 2)OF ) 041 (2) = OF L (2)OF] 0a (2) + FIEN T (2)00F] 04 (2)
= OOF () FL (2) + OF LI (2)OF 0 (2) + OF 0 (2)OF 0 (2)

— F()00F 11 (z) =0 (3.2.284)

OOF oY () F i (2) = OF L (2)OFN ) (2) = OF L (:)OF 0 ()
+ Fy i (2)00F )1 (2) + 00F ] (2) L (2) = OF () OF L 1 (2)

— OFPE(2)0F 1T (2) + FIA(2)00F 1T (2) + 00F S () FI 44 (2)
- 3Ff,21’6+1(2)51’§’f1,a+1(2) - 5F£21’B“(2)5F5ﬁ,a+1(2)

+ EPVHL0IFPE L1 (2) = 0. (3.2.28¢)

We now have a choice to make. By setting o = (3 we can proceed to calculate
differential equations for specific correlation functions of primary and descendent
twist fields requiring only translation and parity symmetric states. Alternatively
we can consider states with rotation symmetry and find equations for more general
correlation functions of primary twist fields. The former case will be considered

first.

3.2.4 Correlation Functions Without Rotational Symmetry

To make progress in the absence of rotational symmetry we must set o = 3. This

reduces the correlation functions we must consider to:

Fz,y) = {0a(z,4)04(0)),
G(z,y) = (0a(2,9)0011(0)),

H(z,y) = (0a+1,a(T,Y)0aa+1(0)). (3.2.29)

Where the dependence on « is implicit, in order not to clutter the equations. In the

same spirit, we will also use the notation

F(2,y) = (0as1(2,9)0a41(0)))- (3.2.30)
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Parity symmetry, as discussed in section 3.2.2, tells us that

F(—z,—y) = F(z,y), F(-z,—y)=F(z,y),

G(—z,—y) = G(z,y), H(—z,—y)= H(x,y). (3.2.31)

The commutation properties of the twist fields also simplify the Ward identities,
they tell us that

(Oas1(2,9)00(0)) = G(=2,~y), (Taa+1(?,Y)0ar1a(0)) = =" H(~z, —y).
(3.2.32)

In order to further ease our notation it is useful to introduce the operator

D(f,9) = = (f00g + gddf — dfdg — gD f) (3.2.33)

N —

and also write D(f) := D(f, f), noting that
D(el) = e*00f. (3.2.34)

We can rewrite equations (3.2.28) in terms of our new functions (3.2.29):

MOH? LGP~ FF = 0 (3.2.35a)

FOF — (OF)F = 0 (3.2.35h)

(OF)F — FOF = 0 (3.2.35¢)

e (D(H) — 2m*H?) — D(G) + D(F,F) = 0 (3.2.35d)
e’ *D(H) — D(G) — D(F,F) = 0. (3.2.35¢)

The above equations are similar in structure to those of [33], for the Ising spin-spin
correlator but here we have four functions to solve for. We begin this process by
noting that (3.2.35b) and (3.2.35¢) only involve F and F' and so these relations can
be solved, giving

F=FkF (3.2.36)

where k is the constant of integration. This relation is somewhat surprising as it
tells us the two correlation functions behave in the same way, at both short and
long distances, despite the fields having different dimensions. Using the twist field’s

form factors k can be calculated exactly. Inserting (2.1.10) between the fields in
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the correlation functions allows us to compare terms involving equal numbers of

particles. Clearly the zero particle terms differ by the constant k? where

fp= Satlp2at (3.2.37)
Co

and it is a simple exercise to show that the same is true for all subsequent terms.
We do not have yet a convincing intuitive explanation of the relation (3.2.36); it
simply follows from our analytic-continuation definition of descendent twist fields.

Our next step is to change variables, defining the functions y and ¢ by

kF+G = eXcosh(yp)

kF—G = e¥sinh(p) (3.2.38)
noting that (3.2.35a) becomes

2mic 772 1 2X o

e M H = 3¢ Xsinh(2¢p). (3.2.39)
Using this relation to eliminate H we find that (3.2.35d) and (3.2.35e) become

sinh(2¢) (85)( + 090&0)

+ cosh(2¢) (00 — coth(2¢)0pdyp) — m*sinh(2¢) =0 (3.2.40a)

sinh(2¢) (00x + 2000 — 0yp)
+ cosh(2¢) (00 — 2 coth(29)dpdyp — ddx) = 0. (3.2.40b)

We next use (3.2.40a) to eliminate x from (3.2.40b), leaving
90 — (1 + coth(2p))dpdp + m? sinh?(2¢) (1 — coth(2¢)) = 0. (3.2.41)

In order to retrieve (1.1.22) from (3.2.41) the dpdy term must be eliminated.

This is done using by noting that

‘;,,/((Z)) =1+ coth(2¢) (3.2.42)
admits the solution
L V1I—etv -1\
fp) = im +log <m) = 2¢. (3.2.43)
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It is then straightforward to show that ¢ satisfies

2

8By = m? sinh(2¢), (3.2.44)
giving (1.1.22) when o = 3. To obtain (1.1.21) we set
e™ = 2kF(x,y) = eX(cosh(y) + sinh(y)) (3.2.45)

so that
0%, = 00X + D0p. (3.2.46)

Using (3.2.40a) and (3.2.41) it is possible to show that

008, = %2(1 — cosh(2¢)) (3.2.47)

and so we have derived the known formula for the correlation functions (up to a
constant factor which can be absorbed into the definitions of either the twist fields
or the co-ordinates z and Z).

Following this method we notice that G(x,y) the solution of a differential equa-

tion involving the same function . Setting
e e = 2G(x,y) = eX(cosh(ip) — sinh(y)) (3.2.48)
gives

0%, = — 20pdp(1 + coth(2¢p))

_ 2tanh*(¢)

_Wawéw. (3.2.49)

It is also worth noting that H(x,y) can be written, algebraically, in terms of ¥, and

¥l via (3.2.35a), and so it is also given by 1.

3.2.5 Correlation Functions With Rotational Symmetry

By insisting that the states we consider have rotational invariance we may keep «
and [ arbitrary in (3.2.28) and use (3.2.24) to simplify these equations. As we are
imposing rotational invariance it is sensible to change coordinates, using r and 6
defined by

2z =re' and z=re " (3.2.50)
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After this change of coordinates we can use (3.2.28b) and (3.2.28c¢) together with
(3.2.25) to find f; = fo, up to an irrelevant constant, in (3.2.24) thus we let

f(r):= fi(r) = fa(r). (3.2.51)

As we have this equality but no relation between FZ{H#H and F, gfm 41 We must
employ a different approach to that of subsection 3.2.4, eliminating Ff;lvﬁﬂ and
F’ fl’a 41 instead of ngif and F, fffr; . In doing this it will be useful to reduce our

[e%

notation by defining the differential operator

1
D, =0 + ;aT. (3.2.52)

and the function
F(r) = F28(r). (3.2.53)

Note that the o and 3 dependence of F is assumed, so F # FJIU0 and F #

8,8
Fa—l—l,a—i—l‘

Now using (3.2.28a,3.2.28b,3.2.28¢) to eliminate FJ{MF+! and Fffl,aﬂ from

(3.2.28d) and (3.2.28¢) leaves
_ 2
%Jﬁ +pgm? 2 + (0, F)”
1
~ g (FOF) = 2qFf0.FO, |

+ (p@)* f2(0,1)* — (pg)* (v — B)*f*/r? ) = 0. (3.2.54a)

—pgfD,f +pq

and similarly (3.2.28e) becomes

—pqfD,f + pqw

2
——f*+ FD,F
1
~ e (O F) — 2pqF [0.F0, f

+ (p@)* f2(0:1)* — (p@)*(a = B)*f*/r? ) = 0. (3.2.54D)

As in the case for a = 3 further progress is made by setting

F+ \/pqf = eXcosh(y) F — \/pqf = eXsinh(y) (3.2.55)
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which reduces (3.2.54a) and (3.2.54b), respectively, to:

(Do — Dyp) (sinh(2i9) — cosh(2,))
(cosh? ¢ + sinh? )?
cosh ¢ sinh ¢

+ (9rp)*(2sinh(2¢) — )

+ m?(cosh(2¢p) — sinh(2¢))
(o — B3)?

+

(cosh(25) — sinh(20))(1 + ;l(cothgp —1)(1—tanhg)) =0 (3.2.56a)

sinh(2¢) D, x + cosh(2¢)D,¢
+ (0,0)*(sinh(2¢) — cosh(2¢) coth(2¢))
(a —pB)?

+ 472

(cosh(2¢) — sinh(2¢p))(coth(2¢) + 1) = 0. (3.2.56b)

Again we eliminate x from these equations, leaving

D, — (0,¢)*(1 4 coth(2¢)) — m? sinh(2¢)(sinh(2p) — cosh(2¢p))

+ %(1 + coth(2¢)) =0 (3.2.57)

which is to become (1.1.22). In analogy with the previous case this is accomplished

by noticing that

h//
2 = —1 — coth(2¢p) (3.2.58)
is solved by
VI—e —1
2 = h(p) = In (+) (3.2.59)
V1—e**+1

and it is then easy to show that

m’ (o — B)?

Doy = — sinh(21)) + = tanh(¢) (1 — tanh*(¢)) . (3.2.60)

It is also straight forward to show that by setting
e™ = 2L (r) = Xt (3.2.61)
we find

D’I‘E = DTX+DTSO
2

_ m? (1 — cosh(2t))) (3.2.62)
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completing our derivation of known results. As with the previous derivation we can

also write a new result. By setting

e =2/pf(r) = eX™¥ (3.2.63)
we find that f is also given by the same function, v, via the equation

pyy_ B0 (a7
sinh? 1) 2 cosh? ¥

(3.2.64)

In the present situation, however, we cannot write down any equations for the
functions F7717 and Ffflya 41 as these functions always occur as a product and

we have no equation relating the two.

3.2.6 Verification of Results

It should be noted that the differential equations for the correlation functions differ
from those presented in [7] where, using a method of Fredholm determinants, it is
shown that

2

D,y = (1 — cosh(2¢))

sinh(2¢) + —4(ar_2 i

SERE

D) = tanh (1 — tanh® ) (3.2.65)

with ¥ as in (3.2.61). In order to be sure that our equations are correct we undertake

numerical and analytical approximations of the correlation function

(0a(z,y)05(0,0)) (3.2.66)

by examining its form factor expansion at large r and investigating how well the
differential equations (3.2.60) and (3.2.65) are satisfied. Strong evidence will be
found using up to only two particles in this expansion.

To begin we insert the resolution of the identity (2.1.10) in between the fields of
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(3.2.66) and then expand the two particle term:

(vac|os(x, y)|vac) (vac|og(0, 0)|vac)

(0a(z,9)05(0,0)) =
/d01d92 (vacloa(z,y)|01,02) " (62,01|05(0,0)|vac) +

(vac|og(z,y)|vac) (vac|osz(0)|vac)
+/d91d92€y(E91+E92)ix(p91+p92)
X ( (vac|oa(0,0)[601, 02) +—(vac|os(0,0)|02 + im, 0y +im) 4 ) + - - -
= cOécﬁmO‘QjLﬁ2

cocgm® 7 sin(ra) sin(7f)
472

X (/ d@ldg2€my(E91+E92)—m(p91+p92)

e(01—02)(a—p)

— |t 3.2.67
cosh?(%zt 592 ) ( )
Since the first term is constant it is the second term which will eventually provide
the leading large distance behaviour of . It is useful to use boost invariance to

replace the (x,y) dependence in this term with r dependence, so that the second

term in (3.2.67) becomes

(3.2.68)

_ CQCBma2+ﬁ2 SiH(?TOd) Sin(ﬂ'ﬁ) /d@ d@ o r(Eg, +Eg,) 6(91792)(0475)
42 CoshQ(@)'

This expression can be further simplified using a change of variables inside the

integral. Setting

0, + 0 0. _ 0
o1 = 10 and ¢y = 1 — 02 5.2.69)
2 2
we see that the integral in (3.2.68) becomes
1 /d¢1d¢ e—rm (cosh(¢1+¢2)+cosh(pr— ¢2)ﬂ
2 cosh? o
L e2¢2(a—p)
= — do.d 727"mcosh(¢>1)cosh(¢2)—
2/ ulout cosh? ¢y
e2¢2(a
L/¢%mm Ko(arm cosh ¢,) (3.2.70)

where K, (z) is a modified Bessel function.
We wish to use (3.2.70) to examine ¥ at large values of r. From the definition

(3.2.61) we can write

Y = In(1- Ko(2mr cosh9)) +

sin(ra) sin(w3) /d9 e20(e=h)
472 cosh? 6
= In(1—g(r)+--- (3.2.71)
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where ¢(r) is defined implicitly. To ease our notation we introduce the constant

_sin(7a) sin(73)
£ = i . (3.2.72)

In order to approximate v, as this is where our equations differ from (3.2.65),

we need to calculate

<a§ + %87.) )y (3.2.73)

which quickly becomes very cumbersome when using (3.2.71). However when r is
large g(r) becomes small so we expect the Taylor series expansion of the log to still

provide a good approximation. Thus we define our approximate solution for ¥ as

¥ = —g(r) (3.2.74)
and thus
2 1 S " 1 /
O+ -0, )2 = —(¢"(r) + ~¢'(r))
= —4m2£/d9 20 =8) [y (2mr cosh ). (3.2.75)

This is a useful approximation to the left hand side of (3.2.62) so we must now
examine the right hand side to obtain a usable expression for ¢). As r — oo (3.2.66)
is expected to tend to cacﬁma2+52, a constant, and so in this limit it must be that
1 — 0. With this in mind, at sufficiently large » we may Taylor expand the right
hand side of (3.2.62) and only keep the leading term:

m2
o> (1 — cosh(2¢))) = —m*p* + - - (3.2.76)

Letting our approximate solution be ¢ we see that
? = 4§/d9 ?@=P) Ky (2mr cosh 0) = J(r) (3.2.77)

where the function J(r) is defined for later convenience. Our goal now is to see how
well this approximate solution solves the equations (3.2.60) and the corresponding
equation from (3.2.65).

As a first indicator as to which equation is correct we examine how well our

approximate solution (3.2.77) satisfies both (3.2.60) and (3.2.65) numerically. As
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the left hand sides of both equations are the same it is sufficient to examine the

three functions

(9% + %&,)@E (3.2.78)
m72 sinh(2¢) + 4(ar——25)2 tanh (1 — tanh®¢)) (3.2.79)
m72 sinh(2¢)) + (a;—zﬁ)z tanh ¢(1 — tanh?¢)). (3.2.80)

at large enough values of r.

These three functions can be calculated numerically for a fixed value or (o — )
and plotted for a range of r. We note that we need (o — ) # 0 otherwise the two
equations coincide and our calculations tell us nothing. In figure 3.1 these curves
are plotted with (a« — ) = 0.3 and r € (7,7.25). From this plot it is clear that
for modest values of r the expression presented in section 3.2.3, (3.2.80), is a better
approximation of (3.2.78) than (3.2.79). The same behaviour is observed for different
values of (a — f3).

0.000105

0.0001 00

0.000085

0.00009

0.000085

Figure 3.1: Plot of (3.2.78) (blue), (3.2.79) (yellow) and (3.2.80) (red).

From plots such as figure 3.1 we see that (3.2.80) provides a better approximate
solution for all values of r. At r = 10, for example (3.2.78) is 4.36163 x 1076,
(3.2.80) is 4.34464 x 1075 while (3.2.79) is 4.30542 x 1075. So in this case and using
the equation presented in this thesis the approximate solution ¢ is out by 0.39%.
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When the equation (3.2.79) is used this difference jumps to 1.39%. Again the same
pattern appears when different values of (v — 3) and r are used.

With the strong numerical evidence pointing to (3.2.60) being the correct equa-
tion for ¢ we will now look for some analytic evidence to support this. The objective
is to expand both sides of (3.2.60) and test whether or not the leading r terms cancel
when the approximation ¢ = v is applied.

To begin with, as we know that ¢ is small at large values of r we may expand

the right hand side of (3.2.60) and only keep the linear term:

%2 sinh(2v)) + (a;—f)Q tanh (1 — tanh®v) = (m2 + ((1;—26)2) Y+ (3.2.81)

We now want to insert our approximation of 1) and examine the equation

2

(O + %&)1/; = (m2 - @‘;—W) A (3.2.82)

It is convenient at this point to use the function J(r) defined in (3.2.77) so that this

equation becomes, neglecting higher order terms,

J"J — %(J/)Q + %J’J o (mg + M) \/7 (3283)

2.J3/2 r2
and to further ease our calculations this expression can be rearranged to give
1 1 — )?
J'T— (I +=JJ~2(m*+ la= 5 J?. (3.2.84)
2 r 72
In order to progress further we need:
J(r) = 4 / do e* =P Ky (2mer cosh 0) (3.2.85)
J(r) = —8m§/d9 @9 cosh O K, (2mer cosh 0) (3.2.86)

J'(r) = 16m*¢ / 6 e* = cosh? 0 Ky (2mr cosh 0)

a—ppcoshd

+8mf/d0 e K1 (2mr cosh 6). (3.2.87)

r

From this we see that the second term in the J”J term of (3.2.84) cancels with the
J'J/r term so there are only two terms left to deal with.
Next we note that there are no (o — 3)? terms in these derivatives so we need to

eliminate these from (3.2.84). This is done by integrating J(r) by parts, integrating
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the exponential term to introduce factors of 1/(a — 3):

/dé’ > =P K (2mr cosh 6) /d@ 2= [¢) (2mr cosh #) sinh 6

= 2mr Ko (2 h h?
2(04—5) /d@e (mr o(2mr cosh ) sinh* 6

sinh? 6
cosh 6

K1 (2mr cosh @) — Ky (2mr cosh 0) cosh 0>

m2r? )6 5
:W df e* =P Ky (2mar cosh 6)(cosh? § — 1)
a p—

o mr 2(a=p)0 1 2 h
Q(a—ﬂ)Z/de e p— (2mr cosh 0).

(3.2.88)

Now writing the right hand side of (3.2.84) as
Lla=h) (3.2.89)

and using the above integration by parts to rewrite one of the J’s multiplying the
(o — )% term we see that the m? term is cancelled by part of the first integral in
(3.2.88) and the other part of this integral cancels some of the integral from the J".J
term on the left hand side. So bringing all the remaining terms of (3.2.84) together

we have

32m2¢? (/ do e* =P K (2mer cosh 9))

1
2(a—p)0 2
X </ dd e (—Zmr coshQKl(er cosh @) + cosh® 0 Ko (2mr cosh 0)))

2
— 32m?*¢? (/ dg €279 cosh K, (2mr cosh 9)) ~0 (3.2.90)

from which we want to extract the leading large r behaviour. Expanding the Bessel

functions for large r gives leading terms proportional to 1/4/7:

2 2¢2 do 2(a—p)0 m —2mr cosh 6
3278 (/ ‘ dmrcosh§©
do 2(a—p)0 h2 0 n —2mr cosh 6
8 ( / ‘ €08 dmrcosh§®
2
—39m2e% [ 6 2@ 90 cosh | ———_e~2mreosho ) (3991
mé ( / ‘ cos dmrcosh§ ( )
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While these terms do not cancel directly we observe that the main contribution from
each integrand is from the region around ¢ = 0 and so the first order saddle point
approximation of these integrals does indeed vanish, as we had hoped.

It is worth noting that if we had started from (3.2.65) there would be an extra
term proportional to m?J? in (3.2.90) and this would lead to extra terms in (3.2.91)
which would have nothing to cancel against, either directly or in the saddle point

approximation.



Chapter 4

Discussion

As stated in the introduction, differential equations satisfied by the correlation func-

tions
<0-a(x7y)0/3(070)> (401)

in the Dirac theory were derived. The method employed led us to consider a new
family of descendent twist fields, whose properties and form factors were discussed
in section 2.3 and first written down in [28]. By considering these fields a novel way
of evaluating the vacuum expectation values of primary twist fields was discovered,
namely through the recursion relation (2.3.22). While extra assumptions, for which
we have no clear arguments, are needed to fix ¢, it transpired that this relation was
sufficient for our purposes.

The techniques used to calculate the form factors of descendent twist fields may
be applicable to other free field models and so could give a method for calculating
the vacuum expectation values of general twist fields. As well as applying to twist
fields with a more general symmetry group this method could be used in conjunction
with finite temperature form factors to give vacuum expectation values of twist fields
at finite temperatures.

Taking inspiration from [33] meant that a double copy model of the Dirac theory
was considered and the action of conserved charges in this theory had to be found.
In order to do this the CF'T limit of the Dirac theory, where the action of these
conserved charges could be calculated exactly, was examined. The relations calcu-

lated in this limit were then carried over to the massive case and verified using form
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factors with up to four particles.

The success of this approach was unexpected because it was thought that the
special form of the OPEs in the Ising model permitted the reduction of the Ward
identities to integrable equations. Despite having more complicated OPEs the differ-
ential equations for the correlators of twist fields in the Dirac model were calculated
and, as only standard techniques were used to obtain the result, that is knowledge of
symmetries of the states in question and the action of the conserved charges, there
is hope that this approach could have more general applications. It has already been
shown that in the Dirac model the quantum state under consideration only requires
the density matrix to be an exponential of a quadratic form to produce useful Ward
identities. However, only by imposing certain symmetries can the Ward identities
be reduced to an integrable form in the most general case presented in this thesis.

As the method presented above is very direct and very general it may prove
fruitful when applied to other free field models possessing non-trivial twist fields.
Applying this method to models with non-abelian symmetries would be an interest-

ing avenue of research.



Part 11

Truncated Conformal Space

Approach
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Chapter 5

Perturbed Conformal Field
Theory

In this chapter we discuss the ingredients necessary to implement the Truncated
Conformal Space Approach. The key elements are all based in Conformal Field
Theory (CFT) and so we begin with a short review of the aspects of CFT relevant
to our investigations. This is by no means a full review of CFT as this is beyond

the scope of this thesis and many good reviews already exist: [34, 36, 38|.

5.1 Conformal Field Theory

The power of Conformal Field Theory in two dimensions is due to its infinite dimen-
sional symmetry group. The two dimensional spaces where a CF'T is defined may
be equipped with a Minkowski or Euclidean metric. In what follows we will only
consider flat Euclidean spaces unless otherwise stated.

Conformal Field Theory is easiest to construct after identifying our two dimen-

sional Euclidean space with the complex plane:
z=1x 41y zZ=ux—1y. (5.1.1)

In all that follows we will consider z and Z to be independent variables and so we
often consider only the z dependence of functions, keeping z fixed and setting z = z*,

the complex conjugate, only at the end of calculations.
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The group of global conformal transformations on the Riemann sphere is just

the Mobius transformations

b
2 flz) = Z:d (5.1.2)

where a,b,c,d € C and ad — bc = 1. These transformations form a finite group
but we also require our Conformal Field Theories to be invariant under infinitesimal
conformal transformations, which have an infinite algebra in two-dimensions.

A primary field of our theory, ¢, with scaling dimension A, spin s has holomor-

phic dimension h and anti-holomorphic dimension h given by

1 - 1
h:§(A+s) h:§(A—s) (5.1.3)
is defined to be a field which under any arbitrary conformal mapping z — w(z), z —

w(Zz) transforms as

¢ (w,w) = (i—@;) - (i—Z))_E o(z, 2). (5.1.4)

A quasi-primary field is one which transforms as (5.1.4) only for maps which are
Mébius transformations, (5.1.2). This transformation property fixes the two and
three point functions up to some overall structure constants. Two point functions

are given by

— _ Chz . hi=hy=h
(91(21, 21)Pa(22, 22)) = hi= _ = \2h if § _ _ (5.1.5)
(21— 22)* (21 — Z2) hi=ha=h
and vanish otherwise, while three point functions become
_ _ _ 1
<¢1 (’Zlu z1>¢2(227 22)(253(23, Z3)> = 0123 hi+ha—hs haths—h1 _hz+hi—ha
<12 <23 £13
1

5.1.6)

2?21 +ha—h3 23§+h3*h1 Eingrhl*hz
where z;; = z; — 2;. In the cases which concern us, i.e. that of minimal models, the
constants Cj; will be fixed through a choice of basis for the fields of the model and

the structure constants Cjj;, also occur in the OPEs of the relevant fields. This will

be discussed in more detail in section 5.1.2.
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5.1.1 The Operator Formalism

In the present work the operator formalism is the most convenient way to describe
the relevant conformal field theories so we give a brief review of the key points.

To construct our Hilbert space we use radial quantisation. After picking a point
2o the vectors in the Hilbert space are states on concentric circles around z, which
is usually set to the origin. We must assume the existence of a vacuum state |0)
upon which the Hilbert space is constructed by the application of operators. For
free theories this means that the vacuum is the state annihilated by the positive
frequency part of the field and we assume that interacting theories are free in the

infinite past and future. This allows us to define ‘in’ states as
6w) = lim 6(2,2)[0) = |h. B} (5.17)

and then use Hermitian conjugation to define ‘out’ states as

<¢0ut| = |¢in>T (518)

where h and h are the holomorphic and anti-holomorphic dimensions, respectively,

of ¢. In the following chapters we will normalise these states such that

(hi, hilhj, hj) = 6; ;. (5.1.9)
To build a full basis of states we need some knowledge of the conformal generators
which will act non-trivially on these highest weight states.

The conformal generators may be found by examining the components of the
energy-momentum tensor. In what follows we only consider the holomorphic part,
T, but all the following arguments also apply to the anti-holomorphic part, T'. Trans-
lation, rotation and scale invariance restrict the form of operator product expansion
(OPE) of the energy momentum tensor with itself. The most general form of this

OPE is

c/2 2T (w) N oT (w)

T(2)T(w) ~ cowi T ewe T o w) (5.1.10)

where ¢ is the central charge and is a fundamental constant which helps define a

model of conformal field theory. As the energy momentum tensor has dimension 2
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we may expand it in terms of its modes L,:
T(z)=) 2" "L, (5.1.11)
nez

which may also be defined through the integral
1

Ln = 5
211

dz 2" (2) (5.1.12)

where the integration is taken around a circle centred on the origin. The modes L,,
are the generators of local conformal transformations on the Hilbert space and their

commutation relations can be evaluated using the OPE (5.1.10):

(2711.)2 fgdw wm“i{dz 2T (w)

~gmp et § e (T T )

[an Lm] =

1 21

=— ¢ dw w™™! Mwn_Q +2(n + Dw"T(w) + w07 (w)

2m J, 12

cn(n® — 1) nme1

0
2
-1

:%(Zﬁ_mﬂ + (TL — m)Ln+m (5113)

When combined with their anti-holomorphic counterparts, L,, we see that these

generators satisfy the Virasoro algebra:

[Lpy L) =(n — m) Lyt + —n(n* — 1)6p1m.o- (5.1.14)

c
—n
12

Hermitian conjugation of these operators is given by

(L)' =L, (5.1.15)

and similarly for the anti-holomorphic operators. The operator Ly + Lg is the gen-
erator of dilations.

The generators L,, and L,, are used to construct a basis of the Hilbert space. The
vacuum state, |0), must be invariant under the global conformal transformations and

so must be annihilated by the operators L_;, Ly and L; and the anti-holomorphic
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counterparts. The well defined action of the stress energy momentum tensor on the

vacuum thus implies that
L,|0) =0
- for n>-—1. (5.1.16)
L,|0) =0

It can also be shown, using a method similar to that of (5.1.13), that in this operator

language a primary field ¢ of dimensions (h, h) satisfies the following relations:

(L, ¢(w, w)] =h(n + Dw"¢(w, w) + w" ' d¢(w, w)

(L, ¢(w, )] =h(n + 1)w"¢(w, w) + 0" 0d(w, w). (5.1.17)
Applying these to the asymptotic state (5.1.7) we see that
Lo|h, h) = h|h, h) Lo|h, h) = h|h, h) (5.1.18)

and thus |h, h) is an eigenstate of the Hamiltonian and is annihilated by L, and
L, for n > 0. Excited states are obtained by acting on |k, h) with so called ladder
operators L_,, and L_,, with m > 0, each operator increasing the holomorphic or
anti-holomorphic dimensions, respectively, of the state by m. Considering only the

holomorphic part for simplicity, excited states of the form
Ly Ly Ly, |h) (5.1.19)
are referred to as descendents of |h). This state has dimension
W=h+ki+ko+--+k,=h+N (5.1.20)

and the integer N is the level of the state. The full set of descendent states of
|h) form a subset of the full Hilbert space which is closed under the action of the
Virasoro generators and so forms a module of the Virasoro algebra called a Verma

module.

5.1.2 Minimal Models

Minimal models are some of the simplest conformal field theories as their Hilbert

space consists of a finite number of Verma modules. These models are considered
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in the original work of Belavin, Polyakov and Zamolodchikov [6] as well as the
reviews already mentioned where more details can be found. We simply present
some information which will be useful in later calculations.

Minimal models possess a finite number of primary fields and the operator alge-
bra is closed. This closing of the operator algebra only occurs for certain values of

the central charge, namely
(»—q)
pq
where p > ¢ > 1. The conformal weights of primary fields in this model are

c=1-6 (5.1.21)

(pr —gs)* = (p—q)?

hr s —
4pq

)

(5.1.22)

where 1 <r < g and 1 < s < p. This clearly implies the symmetry A, s = hg_pp—s

and so we may identify the corresponding fields:

(b(r,s) = ¢(q—'r,p—s) (5123)

and we see that there are (p — 1)(¢ — 1)/2 distinct fields in the diagonal modular
invariant theory. Each of these fields corresponds to an irreducible representation
of the Virasoro algebra which is degenerate, that is to say it contains null vectors.
These null vectors are members of the Verma module which, other than the highest
weight vector, are annihilated by L,, for m > 0. The first null vector in the module
corresponding to ¢, is at level rs and the number of linearly independent vectors
at each level, dim(h +n), is given by coefficients of the generating function x ¢ ().

This generating function is also referred to as the character of the module and is

given by [34]:
X(T’,S) (x) - Z dlm(h _|_ n)xn+hr,s—6/24
n=0
R~ K (5.1.21)
where
D9 x_1/24 (2pgn+pr—qs)? /4pq
nez
1 > 1
plz) 1 1—an (5.1.25)
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The operator product expansions for primary fields are given by

0i(z,2)¢; (w, ) Z w)Ehhs (z )RR g (w ) 4 -+ (5.1.26)
where --- represents the descendent fields. The sum is over all the fields of the
theory, of which there are infinitely many, and we note that if a primary field is not
present in the OPE then none of its descendents will appear either. Therefore in an
abuse of notation we may write express the OPE between primary fields through

the fusion rule
¢ x ¢y =Y Ny (5.1.27)
k

where ¢; represents the family of vectors in the highest weight representation de-
scended from ¢; and /\/;’; vanishes if ¢ does not occur in the OPE and 1 otherwise.
In the case of minimal models these values can be calculated using the Verlinde

formula [77]:

n Sij;rsskl;rssrs;mn
= Z " (5.1.28)
(rs) irs

where the sum is over all fields in the model and

2 o
Siimt = 24 ] — (=) sin (wLik) sin (7 251). (5.1.29)
pq

q p
The structure constants C’fj in (5.1.26) are not fixed by the representation theory

of the Virasoro algebra and so must be computed another way. They were first

calculated in [23] but we will use the expression given in [66],

-1
Ch=|Fu| (5.1.30)

J J
where i, j and k represent fields in the model given by their indices (r,s) and the
power —1 is interpreted as one over the matrix element, not the inverse matrix. If
we set j = (r,s) then define j+(2,1) = (r£1,s) and j £+ (1,2) = (r,s £ 1) we then

express the F-matrix entries involving the field (2,1) as

i (2,1) Fieni-21) Fi-@ijren
7 l Fl+(2,1),j—(2,1) Fl+(2,1)7j+(271)
I(d;)T(1—d) [(=dj)I'(1—dy)
L(5(1=di+dj—d)T(5(1+di+dj—dp)  T(§(1—di—d;j—dp)T(5 (1+d;i—d;—d1)) (5.1.31)
I'(d;)T(1+d;) [(=d;)I(1+d) -

(3 (1—di+dj+d)D(3 (14+di+d+dy))  T(5(1—di—d;j+dy))T(5 (1+ds—d;+d;))
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where d; =1t — s and ¢ = p/q. Similarly the F-matrix entries involving (1,2) are

. i (L2)] (Fa2y-02 Feazgea2
{ [ Fira2),-12) Fiea2)+0.2)
P(—1d)r(1+1d) r(td)r(+Ld)
_ U(; (t+di—dj+d))D( 3 (t—di—d;+d;)) F(%(t+di+dj+dl))F(%(17di+dj+dl)) (5 1 32)
P(=1d)r(i-1dy () rO-1d) - ok

D(g; (t+di—dj—dy))T (57 (t—di—dj—dy))  T(g; (t+ditd;—dy))T (55 (t—di+d;—dy))

All other F-matrices can be calculated using the recursion relation

j k+A A j k s A Ak
Fa,b Z Fk—l—A T Fa,s Fr,b Fs,k—i—A
) a k T (A b

where A is (2,1) or (1,2), together with the symmetry relations
Fa,b ) = Fa,b ) = Fa,b - (5134)

which can be found in [61] along with many other F-matrix relations.

5.2 Boundary Conformal Field Theory

Adding a boundary to a conformal field theory brings boundary conditions into play.
Boundary conformal field theory on the upper half plane was first studied by Cardy
and Lewellen in a series of articles, [10, 11, 13]. As in the previous section we only
discuss ideas and results relevant to TCSA applications and leave a full discussion

to the literature, [12, 34] and [5] for example.

5.2.1 The Upper Half Plane

Following the literature chronologically we begin with a discussion of conformal field
theories defined on the upper half plane. The boundary of these models runs along
the real axis and to ensure these models are physical energy must be conserved and
therefore an appropriate boundary condition must be applied. This condition is

most simply expressed in terms of the stress tensor:

T(Z)|z:2 = T(2)|z:2 (5'2'1)
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While this equation does not fix the boundary condition uniquely it does reduce the
symmetries allowed in the bulk theory. The upper half plane model can be mapped
to the unit disc and, recalling the definitions (5.1.12), in the radial quantisation
picture the symmetry (5.2.1) implies that L,, = L_,. This means that the boundary

state living on the unit circle must satisfy the condition
L,|B) = L_,|B). (5.2.2)

This equation implies that the holomorphic representation of the Virasoro algebra
with highest weight ¢ is equivalent to the anti-holomorphic representation with the
same highest weight. There is an independent boundary state, |j)), corresponding
to each Virasoro representation, with highest weight 7, in the model. These states
are known as the Ishibashi states [42].

There are subtleties associated to calculating inner products of the Ishibashi
states [11, 42] but these subtleties will not come into play in this thesis. It is enough
to know that the inner product can be defined and that any general boundary state

can be written as

(5.2.3)

-3
where the sum runs over all the highest Welghts present in the model. These states,
however, are not yet the correct boundary states. While they satisfy the gluing
condition (5.2.2) there are constraints on the reflection factors ¢! which can be

deduced from the nature of the Hilbert space.

5.2.2 The Cylinder

In order to relate the Hilbert space of a model with its general boundary conditions
it is easiest to consider the theory on a finite cylinder. There are two equivalent
quantisation schemes on the cylinder. The first has time flowing around the cylinder
so that the Hamiltonian H,, depends on the boundary conditions at each edge. The
second has time flowing along the cylinder so that the boundary conditions are
represented as initial and final states, |a) and |b), and the Hamiltonian is obtained

from the whole complex plane.
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For the rest of this section we will use a different normalisation of the fields in

order to be consistent with the literature. Thus we set
(0[0) =S,  and  (i|i) = C}(0]0) (5.2.4)

giving C'l. = S1;/S11. In order to return to the normalisation of the rest of this part

we perform the transformation
¢ — az¢;  and  (0]0) — p*(0|0) (5.2.5)

where «; = /S11/S1; and p = 1/4/S1; before using these results in any TCSA
programme.
In the picture where time is periodic the partition function on the finite cylinder

may be written as

Zap(x) = Z”fszz(ﬁ) (5.2.6)

since the spectrum falls into irreducible representations of the Virasoro algebra. The
integers n’, count the number of copies of the representation with highest weight i
in the model.

Using a modular transformation it is possible to map this picture to the alternate
picture where space is periodic. As we are only interested in minimal models we may
use their transformation properties together with our knowledge of the structure of

boundary conformal field theories to obtain the relation
> Signiy, = (al) (i1b) (5.2.7)

or alternatively the Cardy relation

‘ Sij ik
M =D g (V)Y (5.2.8)
J

Bearing in mind that there is a boundary state corresponding to each irreducible
representation present in the bulk minimal model we may define a set of allowed

boundary states as

15

=30 2200 (5:29)
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where ¢ and j can be any highest weight in the minimal model. It is then easy to

show that n%i satisfies the Verlinde formula:

S48y
Z ks = Sjlj I (5.2.10)

So we conclude that

nt: = Ny (5.2.11)

and thus the number of times representation ¢ occurs in the Hilbert space Hj; is

simply given by fusion coefficient N}, an integer as required.

5.2.3 Boundary Fields

As we are now able to write down the Hilbert space for a conformal field theory with
boundary conditions k and [, we may ask if it is possible for these boundary condi-
tions to change. The most natural setting for this in on a strip of finite width with
time running along the infinite length of the strip. In this picture the Hilbert space
contains A}, copies of the representation . If the boundary condition [ is to change
it must change to another allowed boundary condition, m say, instantaneously, at
t = ty. For t > ty the Hilbert space contains /\/fm copies of the representation i
which is generally different from éz This discontinuity is achieved by the insertion
of a local operator gzﬁi~ on the boundary at ¢ = t5. These fields transform in the
representation j of the Virasoro algebra where the fusion coefficient NV, is non-zero.

Fields living on a boundary can be treated in the same way as boundary changing
fields. While it may be more natural to consider the field (b%(t) as a degree of freedom
on the boundary it is equally valid to consider it a field changing the | boundary
condition into the [ boundary condition.

In the upper half plane, when a bulk field ¢(x + iy), with dimensions (h, k), gets
close to the boundary at y = 0, with boundary condition k, it may be expressed as

a sum of boundary fields Cb?;,;

olr+iy) = FBI2y)" Tl (2) + - (5.2.12)

J

where - - - represents descendent fields. Two boundary fields on the real axis gb?m(x)
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and gbfm(y) with > y have an operator product expansion given by

I

@) Fha(y) = Y O (= )R gk () - (5.2.13)
k

These two expansions define the structure constants %Bg) and C’i(]l-mn)k. They have

been calculated for the minimal models considered here in [66]:

-1
FBl =it | Fr | ’jq(f) (5.2.14)
JoJ g
[l n
i

where S} (j) are the S-matrix elements on the torus with one operator insertion.
These structure constants are a necessary ingredient of the TCSA as on the cylinder
we have
(ilow(0)]5) = Cj, (5.2.16)
in the bulk and
(ilon(Lli) = CF (5.2.17)

on the boundary for appropriately normalised states.



Chapter 6

Truncated Conformal Space

Approach

Before exploring the Truncated Conformal Space Approach we need a theory to
apply it to. This will be a minimal model defined on a cylinder or strip which is
perturbed by a diagonal, relevant field in the bulk or, in the case of the strip, on the

boundary.

6.1 Bulk Perturbations

We start by following the original paper of Yurov and Zamolodchikov [80] where
the authors considered the perturbed scaling Lee-Yang model on a cylinder. On a

cylinder with circumference R in the = direction the perturbed Hamiltonian is
H= HCFT + )\HBulk- (611)

The CFT Hamiltonian on the cylinder is expressed in terms of the operators on the

plane, as in (5.1.11), as

27 - c
Hepr = —(Lo+ Lo — — 1.2
CFT R(o+ 0 12) (6.1.2)
and the bulk perturbation is
R
HBulk = / ¢p(l’, O)dl’ (613)
0

78
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The translation symmetry of the cylinder allows us to arbitrarily fix the y coordinate
of the perturbing field, so 0 is chosen for convenience. Also, only perturbations by
diagonal fields, that is fields ¢, which satisfy h, = h,, are considered.

Choosing a basis of the Hilbert space given by eigenstates of Hopr we now need
a method for calculating matrix elements of Hepr and Hgyk. Since Lo + Ly simply
count the holomorphic and anti-holomorphic dimensions of states the eigenstates of

Hepr are simply

’wl> = L—’ﬂlL—ng T L—nki—ml T I_/—ml‘¢1> (614)

and we define x; =n; + -+ n, and £ = my + - - - + my with the spin of the state
given by s = x — z. The matrix element of Hp, with two states |¢;) and |¢;) is
given by

R

1-2h,
(il Hnandi) =27 (55 ) B 16,0, 0)05) (6.15)

The calculation of these matrix elements is left to appendix B.2 but is essentially
an application of the commutation rules (5.1.17).

The truncated conformal space approach can now be used to examine the theory
at finite R. This is done by truncating the space of conformal states (6.1.4) to only
include those states with z,z < N. With this restriction we may find the eigenvalues
of the Hamiltonian, H™), restricted to these states, numerically. Finding the basis
of states to use is a non-trivial task which is covered in appendix B.1. Diagonalising
this matrix is simplified since states with different spins give a zero matrix element
and so different spin sectors decouple.

We expect the eigenvalues of H, E; for i = 1,2,3---, to have different scaling
behaviour for different values of R. The ultraviolet spectrum is dominated by the
unperturbed CFT Hamiltonian and so, letting £ denote the scaling length of the
model,

B~ 2t (m - i) for R < & (6.1.6)
R 12

where x; is the eigenvalue of Ly + Lo. For larger values of R it should be that

E~2Rim for B> ¢ (6.1.7)
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where m; is the mass gap for the ¢th level. The constant ¢y can be interpreted as the
universal contribution to the vacuum energy density. This dimensionless constant
can be calculated exactly for integrable massive systems. The interpretation of m; as
the mass of a particle of the model certainly holds for the lowest energy levels, which
represent one particle states with zero momentum. For higher energy eigenvalues
the same scaling behaviour will be observed but m, has a different meaning. Because
the theory is defined on a cylinder the allowed momenta are quantised and so for
higher energy levels the allowed values of m; will still be discrete and should be
interpreted as the total energy above the ground state.

By truncating the Hilbert space we are inserting a new length scale p into the
problem, as the truncation imposes an upper bound on the eigenvalues of Hy. For
large values of R the matrix elements of H (N) will therefore be dominated by Hpui

and so we expect the eigenvalues of HW), Ei(N), to scale like
Ei(N) ~ AR for R > p. (6.1.8)

We now see that in order to obtain useful approximations from the TCSA calculation
we must include enough states so that p > £. When this is the case the eigenstates
of HN) will display three distinct regions characterised by their dependence on R,
namely (6.1.6), (6.1.7) and (6.1.8). These three regions will be discussed in more

detail in the case of the tri-critical Ising model in section 6.1.2.

6.1.1 The Lee-Yang Model

We begin with a check on our algorithms by following the original work of [80] and
applying the TCSA to the scaling Lee-Yang model. This model has p = 5, ¢ = 2
and central charge ¢ = —22/5. The negative central charge means that this model is
non-unitary but it is the simplest non-trivial minimal model as it contains only two
irreducible representations of the Virasoro algebra, corresponding to the identity, 1
with weight A = h = 0, and only one relevant field ¢ with weight h = h = —1/5.

The Hamiltonian on a cylinder of circumference R is

2
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where the ¢ is included to keep the eigenvalues of H real for real values of A\. The
spectrum of this Hamiltonian contains a mass gap which is the mass, M, of the single
massive particle in the model. This mass is linked to the perturbing parameter A

through the equation [83, 85]
A = (0.097048456 - - - ) M'2/5 (6.1.10)

so we may set M = 1 by setting A = 0.09704845636 - - -

As the ground state and first excited state are found in the spin 0 sector we will
only consider spin 0 states here. Truncating the space of states at level 5 gives 17
states and the 17 eigenvalues of the Hamiltonian (6.1.9) are plotted in figure 6.1.

This figure shows several expected phenomena.

B

Figure 6.1: The spin 0 energy levels plotted against R from states truncated at level
5.

Firstly the energy levels in the spin 0 sector diverge as R — 0 as expected from
(6.1.6). As R increases we see that the lowest energy levels, which are expected to
be the best approximated, become parallel straight lines as expected from (6.1.7).
The slope of these lines has been calculated from the Thermodynamic Bethe Ansatz
to be —v/3/12 [83] and this is the slope of the lowest energy levels shown in figure

6.1. The mass gap between the two lowest energy levels in this region gives m; = 1
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as expected from (6.1.10).

The final characteristic of figure 6.1 we mention is the behaviour of crossing
energy levels. It is the integrability of the full Hamiltonian which allows energy
levels to cross but as this is lost with the truncation of the Hilbert space the energy
levels of the truncated, non-unitary, Hamiltonian form complex conjugate pairs at
the crossing points. The range of values of R for which the energy levels are complex
at each crossing point decreases as the truncation level is increased [80], indicating

that raising the truncation level is bringing us closer to the full theory.

6.1.2 The Tri-Critical Ising Model

We next turn our attention to the more complicated tri-critical Ising model which
we shall investigate in greater detail. This minimal model has p = 5 and ¢ = 4,
central charge ¢ = 7/10 and contains 6 representations of the Virasoro algebra,
given together with their highest weights in table 6.1. As this model is unitary the

Hamiltonian, given by

2
H= ];T(LOJFLO—— +/\/ ¢ ;(z,0)d (6.1.11)

has real eigenvalues. In order to be sure our algorithm is working correctly with
this model we will first reproduce some of the results of [53] and [41]. We also note
that as with the Lee-Yang model sectors of the Hilbert space with different spins
decouple and the states that are of interest to us at the moment are all in the spin
0 sector. It is sufficient for us to truncate the Hilbert space at level 6, giving 465
states.

Following [53] we start with the leading magnetic perturbation by setting A = 1
and ¢; j = ¢22. The first 10 eigenvalues of H (6) are plotted in figure (6.2) where the
region given by (6.1.7) is clearly visible. The behaviour of the energy levels as R — 0
is highlighted in figure 6.3 which clearly shows that as R — 0, RE; — constant as
expected from (6.1.6). The three scaling regions are easiest to see in figure 6.4 where

the effective scaling exponent of the ground state

dlog,, Lo
— =50 1.12
“ = dlog,, R (6.1.12)
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Field | Conformal Weight
P11 0
2,1 i
P22 %
3,1 5
3,2 2
3,3 i

Table 6.1: The primary fields of the tri-critical Ising model and their conformal
weights.

is plotted against log;, R. From this plot it is easy to distinguish the UV region

where a = —1, the IR regime where a = 1 and the truncation dominated region

where a = 0.925.

Figure 6.2: The lowest 10 spin 0 energy levels of the leading magnetic perturbation

truncated at level 6.

Now that we have clearly identified the IR scaling region we may extract the
masses of stable particles in the model. Particles are stable if their mass is less than

twice the mass of the lightest particle, so it is impossible for them to decay. At
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a 10

Figure 6.3: RE; against R for the lowest 10 spin 0 energy levels of the leading

magnetic perturbation.
R = 2.2, which is within the IR scaling region as shown in figure 6.4, we find
my =1 mo = 1.6316 ms = 1.9683 (6.1.13)

where we have normalised the masses so that m; = 1. These masses are very
close to those calculated in [53]. The same quantities can be calculated when the
perturbing field ¢, ; is any of the other relevant primary fields and in all these cases
good agreement is found between our calculations and those of [53].

As a final check of our algorithms we calculate vacuum expectation values in the
perturbed models as was done in [41]. Tt is known, [60], that the one point function
of a field ¢ in the perturbed theory defined by the Hamiltonian (6.1.11) is given
by

_ha
(Pa) = A(A, (4, 7)) A" (6.1.14)
when ha+h;; < 1, that is the field ¢ has no multiplicative renormalisation. It is the
constant A that we will calculate and in certain cases compare with TBA data. This

(N

is possible as we may use the TCSA Hamiltonian H®™) to find an approximation of

the ground state of the model at finite a R inside the IR scaling region, we denote
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Figure 6.4: The effective scaling exponent of the ground state energy of the leading

magnetic perturbation.

this state by

0)y = Zw§N’|z’> (6.1.15)

where i) are the conformal states at or below the truncation level.

We next note that the finite constant A is given by

o 2m ) 0 0
A (i) = 80 = sy MO0 g )
N T S

where the matrix elements in the final sum are evaluated on the cylinder of radius

R. These are calculated using (6.1.15)

PN (G 6al )
PN i 5)

where the sums over ¢ and j are implicit. As well as taking a value of R inside

N(0[pal0)n = (6.1.17)

the scaling region we also check the consistency of our results by verifying that
~{0|pa|0) 5 ~ R4 as must be the case when A is finite.
With the perturbing field ¢92 and truncation level of 6, as with all previous

calculations, we plot

b— 1 dlogy, N<O|¢2,2’0>N

(6.1.18)
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against log R in figure 6.5. This plot clearly show the three scaling regions of the
truncated conformal space approach and it is easy to identify the region where the
scaling of the one point function is 2hys = 6/80, that is where b = 1, and verify
that this coincides with the region where the effective scaling exponent of the ground
state is 1. A similar plot can be produced for all the fields whose vacuum expectation
value we wish to examine so we can be sure that our estimates of A are as accurate
as possible at the given truncation level. For the model perturbed by ¢;,, with

A =1, the values of A are

A((2,1),(2,2)) = — 1.55001 (6.1.19)
A((2,2),(2,2)) = — 1.53968 (6.1.20)
A((3,2),(2,2)) =1.90413 (6.1.21)
A((3,3),(2,2)) =1.33585 (6.1.22)

15
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Figure 6.5: The effective scaling of the one point function of ¢392 on the cylinder.

The vacuum expectation values of certain fields in the tri-critical Ising model
with a specific perturbation have been calculated using the thermodynamic Bethe

Ansatz and so we may use these results as an independent check on the validity of
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the TCSA method. For example in [31] it is shown that
A((3,3),(3,3)) = —1.4683954240276 - - - (6.1.23)
for A > 0 and using the TCSA approximation described above we find that
A((3,3),(3,3)) = — 1.46524 with A =1, (6.1.24)

in good agreement with (6.1.23).

We are now confident that the TCSA method outlined in this chapter provides a
good approximation of perturbed minimal models in the bulk as our algorithms give
the expected results. However, we have not attempted to analyse the renormalisation
group flows initiated by these perturbations which smoothly transform the spectrum
of the initial minimal model into that of another with fewer relevant fields. This is

beyond the scope of this thesis but is discussed in [39].

6.2 Boundary Perturbations

We next consider the same minimal models defined on a strip but the edges of the
strip are no longer identified. As there are now boundaries in the system we must
impose conformal boundary conditions as discussed in section 5.2, which restricts
the representations of the Virasoro algebra occurring in the model. In this section
we will examine perturbations of the boundary conditions which was first explored
via TCSA in [21] where the Lee-Yang model is considered.

The Hamiltonian of a minimal model with boundary conditions a and b on the
left and right boundaries, perturbed by fields ¢ and ¢ respectively, is most simply

expressed when mapped to the unit semi-circle in the upper half plane:

- . R\ e R\ 1-hn
Hapy = = (Lo 9 + AL (;) or(—1)+ Ar <;> (bR(l)) . (6.2.1)

As all the perturbations considered here are on the boundaries the unperturbed
bulk Hilbert space, which is massless and obtained using the methods described in
section 5.2, must remain massless. Thus perturbing by a relevant boundary field

must produce a renormalisation group flow from one conformal boundary condition
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to another with fewer relevant operators. This effect means that massless boundary
flows can be observed using TCSA, with a modest truncation level, despite the
truncation errors. Bulk massless flows are less well modelled by bare TCSA, as
was observed in [53], and only provide accurate results at modest truncation levels
when the divergent ground state energy is subtracted [48] and the couplings are

renormalised [39].

6.2.1 The Lee-Yang Model

As in the previous section we start by examining the Lee-Yang model on a strip
of width R. As discussed in section 5.2 the choice of boundary conditions dictates
the representations of the Virasoro algebra occurring in the model as well as the
perturbing fields allowed.

The Lee-Yang model admits only two conformal boundary conditions which we
label 1 and @, following the notation of [21]. The 1 boundary has only one primary
field, which is the identity, while the ® boundary has two, the identity and a field
¢ with dimensions hy = —1/5. As there are only two possible boundary conditions
there are only three independent combinations. Firstly, with boundary conditions
(1,1), the only irreducible representation in the model has highest weight 0 and
there are no relevant fields living on the boundaries, so there is nothing to examine
here.

The next case has boundary conditions (1,®) and so the only irreducible repre-
sentation present has highest weight —1/5. In this situation our model is described
by (6.2.1) with (a,b) = (1,®), A\, = 0 and ¢r = ¢. Here the & boundary is
perturbed by the field ¢ and we observed at the beginning of this section this per-
turbation must produce a massless boundary flow. As there is only one other allowed
conformal boundary condition this boundary must flow to the 1 boundary and this
is what we observe in figure 6.6 for A\g > 0 where the spectrum of the model flows
smoothly from the character of the irreducible representation with highest weight
—1/5 at Ag = 0 to that of the irreducible representation with highest weight 0 at
Ar = 10.

For \p < 0 we see that some of the energy levels become complex, an effect also
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observed with a bulk perturbation of the Lee-Yang model [80] where some energy
levels also form complex conjugate pairs. The spectrum in this region may still be
identified with the character yo [21], but not in the same way as for Ag > 0. In
the present case we can identify this character twice, once in the real energy levels,
shown in blue in figure 6.6, and again in the real part of the complex conjugate

pairs, as shown in red.

40~

Figure 6.6: The spectrum of the Lee-Yang model with (1, ®) boundary conditions
for different values of the perturbation parameter Ag. Where two energy levels

combine and form a complex conjugate pair the real part is the plotted in red.

6.2.2 The Tri-Critical Ising Model

As in the case of the Lee-Yang model massless boundary flows can be observed in
the tri-critical Ising model using TCSA. The tri-critical Ising model contains more
representations of the Virasoro algebra and so there are more conformal boundary
conditions [11, 16], which are listed along with the fields living on each boundary in
table 6.2. The boundary flows between these conformal boundary conditions were
first given in [1] and explored in the context of renormalisation group flows in [78].

Figure 6.7 shows the re-scaled spectrum of the tri-critical Ising model with
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Virasoro Label | Conformal Weight | Representations of Boundary Fields
(1,1) 0 (1,1)
2.1) x (1,1), (3,1)
(2,2) & (1,1),(3,2),(3,3),(3,1)
(3,1) 1,1)
(3,2) (1.1).(3,2)
(3,3 5 (1,1),(3,2)

Table 6.2: The representations of conformal boundary conditions in the tri-critical

Ising model and the fields living on those boundaries.

boundary conditions (1,1) on the left and (3,2) on the right. The model is per-
turbed by the field ¢32 on the right boundary and we plot the scaled spectrum

_ Ei—Ey

E_—
Ey — Ey

(6.2.2)

for A\g € (—1,1). This plot clearly shows the spectrum of the model given by the
character x(32) at Ag = 0 and flowing to the characters x(31) for Ag > 0 and x (33
for A\ < 0. We note here that as observed in [32] and [76] the TCSA spectrum
extends beyond the IR fixed point in a sequence of flows that was first found in [54]
and also observed in [35] and [22].

Similar behaviour is observed when perturbing any of the boundary conditions

by any of the boundary fields listed in table 6.2.

6.2.3 Two Point Functions in Perturbed Minimal Models

Now that we are confident in our TCSA algorithms we will outline a method for
attempting to use TCSA to approximate two point functions in perturbed minimal
models with boundaries.

As we are able to accurately approximate the eigenvalues of the Hamiltonians
of these perturbed minimal models it may be possible to use the corresponding

eigenvectors to approximate the identity operator:

L= |E)(E| (6.2.3)
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-1.0 -0.5 0.0 0.5 1.0

Figure 6.7: The re-scaled spectrum of the tri-critical Ising model with ((1,1), (3,2))
boundary conditions perturbed by (3,2) for different values of the perturbation

parameter \g.

where |E,,) are the eigenstates of H, with eigenvalues E,, respectively, and are nor-
malised such that (E;|E;) = 0;;. As we have already shown that in certain cir-
cumstances TCSA does a good job of approximating the ground state, so it is not
unreasonable to suppose that the TCSA will provide a good approximation of sev-
eral other low energy eigenstates of the model. With these approximate eigenstates

we have an approximation of the identity,

1M =" 1E) (v (v (Bl (6.2.4)

where |E,) ) is the TCSA approximation, with truncation level N, of the eigen-
vector |E,). Only the first k& eigenvectors should be included, where k is less than
the total number of states used since it is not reasonable to expect the TCSA ap-
proximation of the highest energy eigenstates approximated to be accurate. This

approximation of the identity can be inserted between the fields in a two point
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correlation function to give

(Pi(z1,y1)05 (22, y2)) =(0l(21,y1)1¢;(x2,Y2)|0)

~ 3 (0] (21, y1) 1N B (w9, y2)|0) ()

k
= 0 016i(w1, 1) | En) () () (B |65(2, 12) [ 0) ()
n=0
(6.2.5)
Our task is now reduced to evaluating the matrix elements
N (0l9i(z, y)|En) (6.2.6)
which can be reduced to calculating matrix elements of the form

(0193 (2, y) Ly Ly - -+ L, [ 5) (6.2.7)

which can in turn be evaluated using the commutation relations (5.1.14) and (5.1.17)
as shown in appendix B.2. Using this approach we may be able to approximate two
point functions in these perturbed conformal field theories.

No results are presented here as the author has not yet implemented this method
or compiled any results to compare the TCSA calculations to. There are also several
possible areas of complication and ways the TCSA method can be improved which
should be examined before any results are presented. This is discussed in the next

section.



Chapter 7

Discussion

So far in this part we have developed a TCSA algorithm, applied it to the scaling
Lee-Yang and the tri-critical Ising models and achieved results consistent with those
obtained by other works on TCSA and with results from different methods. This in-
cludes calculating one point functions in bulk models and observing renormalisation
group flows in perturbed boundary models.

The author has, however, not yet attempted to calculate two point correlation
functions using the TCSA method as outlined in section 6.2.3. The results of such
calculations could then be compared to the results of [70] where two point spin-spin
functions of the Ising model with a boundary were calculated using form factors. If
this consistency check were passed we could hope to use the TCSA method to obtain
information about spin-spin functions close to the boundary and also approximate
two point functions in other perturbed conformal field theories.

As mentioned in the previous section there are some recent advances in TCSA
and some possible areas of complication which need to be explored in greater detail
before we attempt to approximate two point functions in general perturbed minimal
models.

The first of these issues, as noted in [53], is that the Hilbert space may divide into
several sectors and the eigenvalues in each sector may differ by unphysical amounts.
This problem was addressed for bulk TCSA in [39] where formula to calculate the
rescaling of energy levels are derived and found to be different in these different

sectors. This rescaling must be taken into account when constructing the resolution
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of the identity (6.2.4) as it will contain states from many sectors of the theory.

It should also be noted that when the weight of the perturbing field is greater
than 1/2 the TCSA eigenvalues become divergent [48] and so TCSA results from
these perturbations are unreliable. An expression for this divergence was found in
[39] and would need to be accounted for in order to make our methods as widely
applicable as possible.

Improvements to the TCSA approximations for the energy levels can also be
obtained from an analysis of the renormalisation group flows in both the bulk [39]
and boundary [78] cases. This would allow us to calculate more accurate estimates of
quantities without increasing the truncation level, something which rapidly increases

the time needed to complete the calculations.



Chapter 8

General Conclusion

This thesis has explored correlation functions in two-dimensional conformal field
theories in two distinct ways. In part I two point functions of twist fields in the
Dirac theory were calculated directly from the Ward identities of a double copy
model. These Ward identities were first found in the conformal limit of the Dirac
theory and then carried over to the massive case where, in order to verify their
applicability we had to consider a new family of descendent twist fields. When
considering this family of fermionic twist fields a new method for evaluating the
vacuum expectation values of the primary twist fields was developed. It would be
interesting to investigate whether the techniques developed to calculate the form
factors of the descendent twist fields and vacuum expectation values of primary
twist fields have applications to twist fields with more general symmetry groups.
The generality of the quantum state considered also suggests that the method used
to calculated differential equations for the correlation functions of twist fields could
be applied at finite temperature. It may also be possible to apply the methods used
to calculate the constant ¢, in conjunction with finite temperature form factors to
calculate the vacuum expectation values of twist fields at finite temperature. All of
these open problems would provide interesting avenues of research.

In part II the truncated conformal space approach was introduced as a method
for approximating quantities in perturbed conformal field theories. After introduc-
ing the relevant concepts from conformal field theory a truncated conformal space

approach algorithm was developed and used to reproduce known results in both
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bulk and boundary conformal field theories. These results could be improved by
applying recent results regarding the renormalisation group flows of the coupling
constant and it would be best to impliment these changes before attempting any
further calculations. The aim of this part was to use the truncated conformal space
approach to approximate two point functions in perturbed conformal field theories
by constructing an approximation of the identity operator which could then be in-
serted between the fields in the two point function. By evaluating all the terms in
this sum we would obtain an approximation of the two point function which could
be compared with existing results. It would be interesting to see if this approach
does indeed provide a good approximation of two point functions in these perturbed

conformal field theories.
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Appendix A

Twist Fields in the Absence of

Space Time Symmetries

As mentioned in section 3.1 it is possible write down differential equations relating
correlation functions of certain twist fields in the absence of translation and parity
symmetry. These equations come from the Ward identities (3.2.26) but the lack
of symmetries requires different notation as we cannot apply the simplifications of

section 3.2.2. For this reason we introduce the notation

Fl’g(%l,ybﬂfzayﬁ = (Oa,5(T1, Y1) 04 5(T2, Y2)) (A.0.1)

and first note that the lack of translation symmetry prevents us from always placing
the second field at (0,0), so the correlation functions must remain functions of four

variables. It should also be noted that

F£,7g(xl7 Y1, T2, y2) = <0—a,o¢($17 y1)0575<x2a y2)> = <0—ﬂ75(3727 yQ)Ua,a<ZL’1a y1)>
7 Fz?g(%yhxz,yz) (A.0.2)

and so the Ward identities do not simplify as much as they did in chapter 3.
To ease our notation the dependence on (x1, 31, T2, y2) will be implicit in all Fl’g,
as operators at (x1, ;) will always be placed to the left of those at (x4, y2). We also

introduce the symmetric, bilinear differential operator

Di,j (U, U) = uaﬁjv + v@iéju - @ugjv - 5jU@Z‘U (AOS)
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where z; = 3*(z; + iy;) and

0

:8zi and 0; g

0z

) (A.0.4)

A.1 Equations for Correlation Functions Without
Symmetries

Now starting from the Ward identities

([Z, 08 (21, 51)00 1 a1 (21, 51)00 11 0 (T2, Y2) 05 o1 (22,2)]) =0 (A.1.5a)

([Z, [P0y o1, 91) Tyt a1 (21, 1)]00 11 0 (T2, 42) T o1 (T2, 92)]) = 0 (A.1.5b)

([Z,[P, 0y o1, 01) 0oy 1 a1 (21, 41)]00 11 o (T2, 42) T o1 (22, 92)]) = 0 (A1.5c¢)

<[Z> [Pv [p> U:)Iia(:ljl, yl)U$+17a+1(xl> yl)]]aia-i-l (*’E?? y2)0—$+1,o¢(x2a y2)]> =0 (A'1'5d)

([Z.[P, oy o (21,11) 08 1101 (@1, Y1) [Py 0 o1 (T2, 32) Ty o (T2, 32)]]) = 0 (A.1.5e)
we find that

FoaiVFfa = Fol MV FIS o + FOOFEEN =0 (A-1.6a)

a+1,a pa,a+1 a+1,a a,a+1 a+1,a+1 o« a+1,a+1 [e%e]
821 Foz,aJrl Fa+1,a - Fa,a+1 aZl FaJrl,a + az1 Fa,a Fa+1,o¢+1 - Fa,a azl Fa+1,a+1

— O, PO FOa + Fog0o FER =0 (A1.6b)

217 oo

) a+1,a pa,a+1 at+1l,a 5 a,a+1 3 [e'NeY a+1,a+1 o, ) a+1,a+1
21 Foz,aJrl Fa+1,a - Fa,a+1 aZl FaJrl,a + a’«'1 Fa+1,a+1Fa,a - Fa+1,a+1a’«'1 Fa,a

_ . Fotletlpaa | patlatly pea () (A 6e)

z17 a+l,o04+1 *© a,a a+l,a+1 Y21+ a,a

a,a+1 a+1,a 2 ra,a+1 o+«
Dl,l (FaJrl,a ) Fa,a+1 ) -m FaJrl,a Fa,aJrl

— Dl,l(Fa’a Fa+1,a+1) + Dl,l (Fci;rl,aJrl’ Fa,a ) -0 (A16d)

a,a) © atl,a41 a+1,a+1

Dia(Foasts Fafila) = Dra(Fa, Fadiadt) = Dia(Fai b FIf i) = 0. (A16e)

It should be noted that this system is under defined as there are 6 independent

functions, each of two variables, and only 5 equations. It is possible to find more

Ward identities leading to non-trivial relations between the correlation functions
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but as no integrable structure has been identified in these equations we only include
the above equations for completeness. These equations can also be generalised to
relate correlation functions of twist operators with different twist indices but this

only introduces more functions and so this system is even more under determined.



Appendix B

TCSA Algorithm

All the TCSA calculations were performed with Mathematica and the algorithms fol-
low the general structure of [80] and [52]. The basic structure of all the programmes

is outlined in section 6.1 and can be roughly broken down into the following steps:

e The model is entered and all structure constants are calculated and relevant

fields found.
e A basis for the conformal holomorphic states is found.

e In the case of periodic boundary conditions a basis of full, holomorphic and

anti-holomorphic states is found.
e The Hamiltonian is calculated and any further calculations performed.

These steps hide some technical computations, the more involved of which are the
subject of this appendix.

After a model is chosen the necessary structure constants are calculated using
the formulae set out in sections 5.1.2 and 5.2.3. If boundary conditions are involved
the irreducible representations present in the model are found using the Verlinde
formula set out in section 5.2.2. Finding a basis of states for the model is the next
challenge and is discussed in section B.1. Calculating the matrix elements as in

(6.1.5),
My = (6:l6,(0,0)lusy). (B.0.1)
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and their boundary equivalent, is the subject of section B.2. The final generic step
involves constructing the Hamiltonian and this is discussed in section B.3. The
output of this operation may then be manipulated and used to calculate various

quantities as seen throughout chapter 6.

B.1 Basis of States

Once the minimal model under consideration had been defined the irreducible rep-
resentations present can be easily identified using the methods of sections 5.1.2 and
5.2.2. Our task is to develop an algorithm to find a basis of states for each irreducible
representation up to the cutoff level.

For a generic module with highest weight h, ; we begin by calculating the gen-
erating function x5 (), (5.1.24), as the coefficients of this polynomial give the
number of linearly independent states present at each level.

When calculating a basis of states at level N we first generate a list of all the
possible states at this level, which is simply all the positive integer partitions of N.

We first take the state
L_N|b,s)) (B.1.2)

and calculate its norm. If this is non-zero we have the first state of our basis.

We next select another state from our list, L_,, L_m,|¢q.s) say, and calculate
the matrix of inner products of this state with the first, (B.1.2). If the states are
not linearly independent then this matrix will have determinant 0 and we discard
the state L_,, L_p,|¢,s)), otherwise, we add this state to our basis.

This process of selecting a state, calculating the matrix of inner products of
everything already in our basis plus the new state, calculating its determinant and
checking whether it vanishes is repeated until we have found the required number
of states.

The procedure outlined here is repeated for every level up to the cutoff NV, for
every irreducible representation in the model to create a basis for all the holomorphic
states below level N. In the case of boundary theories these are all the states we

need to perform further calculations but in the periodic case we must combine
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the holomorphic and anti-holomorphic states to give full states with the required
spin. This is easily accomplished as the anti-holomorphic states are just copies of
the holomorphic ones so constructing full states is just a matter of ensuring that

holomorphic and anti-holomorphic components have appropriate levels.

B.2 Matrix Element Calculation

The subject of this section is the calculation of the matrix elements M;;. As in the
previous section only the holomorphic case will be discussed as the anti-holomorphic
case is identical. It is also worth noting that it does not matter whether the field ¢,
is a bulk field in the periodic model, as is the case in (B.0.1), or a boundary field,
as this will only alter the structure constant used in the final stage.

The evaluation of these matrix elements is simply a repeated application of the

commutation relation
[Ln - Lo, ¢p(07 O)] = nhp¢(0> 0) (B23)

which follows simply from (5.1.14) and (5.1.17). Focusing on the holomorphic com-

ponents only we let

’¢l> = L*mL*nz U L*nk|¢l> and ‘¢]> = L*mlL*m2 e L*ml|¢j>' <B24)
We now see it is possible to use the commutation rule (B.2.3) to write:
<¢’L’Lnk e anLn1¢p(O7 0)|¢J> = <¢1|Lnk w+ v L, ( nhp¢p(0> 0) + pr(o, O)Lm
+ Lo#p(0,0) — ¢,(0,0) Lo ) |1). (B.2.5)

The first term is already better as contains has one less Virasoro generator. The
final two terms can be similarly reduced as |¢;) and (¢;|Ly, - - - L, are eigenvectors

of Ly and it is very easy to calculate their eigenvalues. This just leaves the term

The level of the state on the right hand side is lower than that of |¢;) and we may

commute L, through all the Virasoro generators in [¢;) to leave states at a lower



B.3. Constructing the Hamiltonian 111

level. In this way all the Virasoro generators on the left hand side of (B.2.5) can be
commuted to the right, reducing the matrix element (B.0.1) to a sum over terms of

the form

We can now use the same commutation relation (B.2.3) to further reduce this ex-

pression:

(Dildp(0,0) Ly Ly -+ - Ly [0) = (i ( L—my ¢5(0,0) — Lo (0, 0)
+ ¢p(0,0) Lo — nhyp(0,0) ) Loy -+ Ly, ). (B.2.8)

Here the first term vanishes as the Virasoro generator annihilates the out state.
As before the terms involving Ly are simply reduced as (¢ and L, - -+ Ly |r)
are again eigenvectors of this operator and the final term already contains one less
Virasoro generator. Thus with repeated application we may reduce (B.2.8) to a sum

of terms which only involve the matrix element

(9il5(0,0)[¢;) (B.2.9)

and this constant can be evaluated using the formulae discussed in section 5.1.2
for the periodic case, or 5.2.2 for the boundary case. Using this method we can
construct the full matrix M;;.

We also note that the calculation of the CFT matrix elements is very straight
forward as all the states of our basis are eigenvectors of Hopr and so the calculation

of the matrix of the unperturbed part of the Hamiltonian, H*", is simple.

B.3 Constructing the Hamiltonian

In this section we make some comments regarding the final construction and diago-
nalisation of the Hamiltonian. The Hamiltonian is constructed by adding together
the matrices HgF T and M;;, both multiplied by the appropriate factors of R and
7 depending on the model and perturbation under consideration, to give H;;. We
now note that the Hamiltonian we wish to examine has one covariant and one con-

travariant index, while H;; has two covariant indices. Thus we must multiply this
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matrix by the inverse metric g, where g;; is the matrix of inner products of the

basis vectors, to obtain the final TCSA approximation for the Hamiltonian:
H'; = g"Hy;. (B.3.10)

This operation is necessary as the basis vectors chosen in section B.1 are not or-
thonormal.
It is the eigenvalues of H ij that give the TCSA approximation for the spectrum

of the model and these are then used in any subsequent calculations.
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