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Abstract: This thesis expands previous work on defects appearing in classical
integrable field theories, with a generalised form for momentum conserving defects
being found. It is shown that the defect equations can always be augmented to
give a Bécklund transformation for the bulk theory, and new momentum conserving
defects are found for the B, and D, ATFTs. Momentum conservation is shown to
be a necessary condition if the system is to have an infinite number of conserved
quantities for all defects in ATFTs. The D, defect in particular is investigated,
with the system shown to have a zero curvature representation and soliton-defect

interactions being investigated.
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Chapter 1

Introduction

In this thesis we will be investigating whether a defect can be incorporated into an
integrable system without destroying its integrability. A system being integrable
implies that it is completely solvable. Integrability was first conceived of in relation
to a system with N degrees of freedom specified by N coordinates and N momenta.
We can carry out a transformation to a specific set of coordinates known as the
action-angle variables, and once in this coordinate system it can be shown that the
existence of N independent conserved quantities which are in involution under a
Poisson bracket allows the solution to be found by the method of quadratures. This
is a Liouville integrable system. For the classical 1 + 1 dimensional field theories
we will work with there are an infinite number of degrees of freedom, so in order
for the system to be (in principle) solvable there must be an infinite number of
independent conserved quantities in Poisson involution [FT86; BBT03]. For many
integrable field theories there is a class of solutions known as solitons. These appear
as stable, localised field configurations and are of immense physical interest [SCMT73].

For overviews of the concept of integrability see [FT86; BBT03].

Several methods have been developed for demonstrating the integrability of any
particular field theory. It has been shown that being able to use the method of the
inverse scattering transform to find solutions to the system implies the existence of

an infinite number of conservation laws [ZS72]. Of more interest to us is the method
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of zero curvature, Lax pairs [Lax68| and the r-matrix [SkI80]; reviews of this method
appear in [Sem83; FT86; BBT03|. For a system with a Lax pair which satisfies the
zero curvature condition if and only if the equations of motion are satisfied it is
possible to use the Lax matrices to write down the monodromy matrix. Evaluating
this monodromy matrix at different times then allows the calculation of an infinite
number of conserved quantities. If a related r-matrix can be found which satisfies the
classical Yang-Baxter equation then these conserved quantities are also in Poisson
involution, and the system is Liouville integrable. Here we will be focussing on the
existence of an infinite number of conserved quantities. In fact, we initially only

consider the conservation of energy and momentum.

Various integrable field theories exist. Much early investigation of integrability took
place for the Kortweg-de Vries equation, which was also where the first solitons were
observed. The inverse scattering transform was first developed for the Kortweg-de
Vries equation and used to find soliton solutions and prove the existence of an infinite
number of conserved quantities [GGKM67; ZS72; ZF71]. The method of the Lax pair
to prove integrability was also developed for the Kortweg-de Vries equation [Lax68].
Other scalar field theories which have been investigated using the inverse scattering
transform are the sine-Gordon model [AKNS73], the Tzitzéica model [BSS93] and

the nonlinear Schrodinger equation [ZS72].

The integrable field theories which we will be considering here are the affine Toda
field theories (ATFTs). They began life as an investigation into a chain of N particles
with certain nearest neighbour interactions [Tod70]. This was later generalised to
a vector field theory whose potential is based on the roots of any semi-simple Lie
algebra [Bog76; Mik79; MOPS81]. The “affine" refers to the fact that the potential
is written in terms of the simple roots and the lowest weight root, as the addition
of the lowest weight root to a Dynkin diagram gives an affine Dynkin diagram. The
ATFT based on the simple and lowest weight roots of Lie algebra g is referred to
as the g ATFT. These were shown to have a zero curvature representation (and so

an infinite number of conserved quantities) [MOP81; Wil81] and later shown to be
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integrable [OT85; OT86] using the method of the Lax pair and r-matrix.

All of the above systems have soliton solutions which are of physical interest [SCM73].
In addition to being integrable solitons (stable by virtue of a balance of nonlinear
and dispersive effects) the ATFT solitons are also topological, with their stability
guaranteed by the existence of some topological charge. Soliton solutions may be
found using the inverse scattering transform, but for ATFTs the Hirota bilinear
method, first introduced to find Kortweg-de Vries solitons [Hir71], was used to give
soliton solutions. Classical solitons in the A, ATFTs were first investigated in [Hol92],
and their topological charges were found to be weights of the associated Lie algebra.
For ATFTs the potential has multiple vacua only if the field takes complex values,
but the solitons were found to still have a real mass and energy. In [MMO93] all other
static solitons were found, and again the topological charges were found to take values
in the weight lattice of the relevant Lie algebra, with the multi-soliton solutions given
in [McG94a]. Multi-soliton solutions may be constructed and analysed, giving the
result that when solitons scatter they undergo a brief deformation when the solitons
are in close proximity, before quickly returning to their original shape and velocity,
with the only effect of the interaction being a shift in the position of the solitons.

For more information on solitons and integrability see [FT86; For90].

Bécklund transformations are also closely related to integrability [RS02]. They are a
set of first order coupled differential equations whose solutions are also the solutions
to two uncoupled sets of higher order differential equations [DB76; Miu76]. All of the
scalar field theories (but not all ATFTs) mentioned here have a Bécklund transform-
ation, with [WE73] giving the Kortweg-de Vries equation Béacklund transformation,
[DB76] the sine-Gordon Béacklund transformation, [Nim83] the nonlinear Schrodinger
equation Bécklund transformation, [BSS93| the Tzitzéica Bécklund transformation
and [FG80] generalising the sine-Gordon Bécklund transformation to the A, ATFT
Backlund transformation. These Backlund transformations are useful for finding
soliton solutions. By taking the solution of one set of second order equations to be

zero it is possible to solve the first order Backlund transformation equations, giving
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a solution to the other set of second order equations. In [LOT93] the Backlund

transformations of the A, ATFT are used to generate soliton solutions.

Quantum integrability also exists, although we will not be considering the quantum
case at all here. The existence of scattering matrices satisfying the Yang-Baxter
equation ensures quantum integrability, with quantum scattering in an integrable
system always factorisable to 2-2 scattering. Information on quantum integrability
can be found in [ZZ79; Dor91; Dor92; CDS93], with the quantum S-matrix for the
Toda chain given in [AFZ79] and the S-matrices for all quantum ATFTs investigated
in [BCDS90).

There are many physical examples of integrable systems and solitons; for just a few
examples see [SCMT73; For90]. In more detail we have [Lam67] for solitons in optics,
[Dav77] for solitons in proteins, [Ust98] for solitons in Josephson junctions, [G 193] for
the nonlinear Schrodinger equation in optics and [RV04] for solitons in Bose-Einstein
condensates. Topological (but, at least in this example, not integrable) solitons are

frequently used to model non-perturbative systems of elementary particles [Sky61].

Since (some of) the interest in integrable systems is due to their ability to model
physical phenomena whilst remaining exactly solvable it is important to be able to
incorporate common physical occurrences without destroying the integrability of the
system. In this thesis we are interested in introducing defects to integrable models.
A defect is some discontinuity, either in physical media or fields in a mathematical
model, and we are aiming to find ways of incorporating a discontinuity into an
integrable model without destroying its integrability. Some examples of physical
defects have been considered in the Ising model [MP80], in a chain of driven, damped

pendula [ABTO00] and in semiconductors [Jun+14].

Some of the earliest studies of defects were in quantum integrable field theories, for
example in a free fermion theory [DMS94b; DMS94a] and in sine-Gordon theory
[KL99], and here it was shown that integrable defects must be purely reflecting or
transmitting. Quantum defects have been investigated further in [MRS02; CFG02;

MRS03; CMRS05], with a defect in the quantum nonlinear Schrédinger equation
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appearing in [CMRO04], a defect in the quantum sine-Gordon model appearing in
[BCZ05] and defects in the quantum ATFTs being investigated in [CZ07; CZ09b;
CZ10; CZ11).

From the fact that quantum defects must be purely transmitting came the idea that
momentum conservation may be important in the classical case. If a system with
a defect is to have soliton solutions (and so likely be integrable) while being purely
transmitting then momentum is conserved, at least between very early and very late
times (i.e. while the defect and soliton are not interacting). In [BCZ04b], where the
Lagrangian approach to classical defects used in this thesis was pioneered, it was
found that for a defect in sine-Gordon theory certain equations of motion at the
defect ensured that momentum was conserved. The conservation of energy and some
higher spin charges was also checked for these momentum conserving defects. These
were generalised to give momentum conserving defects in A, ATFTs, although it

was also proved that momentum conserving defects of the particular form found in

[BCZ04b; BCZ04a| could never appear in an ATFT based on a different Lie algebra.

An ATFT with a momentum conserving defect has been shown to have a solution
where a soliton is transmitted by the defect between the ATFTs on either side,
and the defect may delay the soliton or change its topological charge. For certain
cases the delay factor may be infinite, meaning that the soliton is absorbed by the
defect. In addition to these soliton solutions this system also has infinite number
of conserved quantities, so is likely integrable [BCZ04a; CZ07; CZ09b|. However,
the integrability of these particular defects has not been proven as they are given in
a Lagrangian rather than a Hamiltonian form, meaning that the Poisson brackets
and r-matrix satisfying the Yang-Baxter equation required to prove that the charges
are in involution are difficult to write down. A Hamiltonian set-up in which the
Lax and r-matrix equations are immediately assumed to be satisfied by some matrix
associated with the defect are investigated in [AD12a; AD12b; Doil5] for defects in
the nonlinear Schrodinger equation, sine-Gordon theory and ATFTs. While these

defects are integrable they do not necessarily describe the same systems as the



Introduction 6

momentum conserving defects found in the Lagrangian set-up. Some attempt to
reconcile this Hamiltonian approach and the Lagrangian approach to defects is made
in [Caulb; CK15], and a method of moving from the Lagrangian to the Hamiltonian

picture was suggested in [CZ09a].

Another interesting observation made for these momentum conserving defects in A,
ATFTs is that the defect equations of motion, when taken to hold everywhere rather
than just at the position of the defect, give a Backlund transformation between the
theories on either side of the defect. This is not completely surprising, as the defect

equations couple the two bulk theories on either side of the defect.

In [CZ09a] the momentum conserving defects first found in [BCZ04b] were modified
by the addition of a degree of freedom at the defect, allowing a momentum conserving
defect in the Tzitzéica model (previously excluded due to not being based on the
roots of A,) to be found. This idea of extra degrees of freedom at the defect, and
the fact that one ATFT can be folded to a different ATFT using certain symmetries
of the Dynkin diagram [OT83a; OT83b; PS96], was used in [Rob14b] to fold existing
A, ATFT defects to new C, ATFT defects. The defects appearing in [BCZ04b;
BCZ04a; CZ07; CZ09b], which have no additional degrees of freedom at the defect,
are referred to as type I defects and the defects with additional degrees of freedom

appearing in [CZ09a; Rob14b; Robl4a; Rob15] are referred to as type II defects.

Some investigation into defects in non-relativistic theories such as the nonlinear

Schrodinger equation and the Kortweg-de Vries equation have also been made [CZ06;

CP16] (also [Doil2; AD12a)).

In this thesis we advance the classical Lagrangian defect story by generalising the

type II defects such that we can find momentum conserving defects in the B, and

D, ATFTs.

In chapter 2 we first provide a little more background on momentum conserving
defects in section 2.1 and then present entirely original work, with sections 2.2 and

2.4 giving results which appear in [BB17] and section 2.3 unpublished. In section
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2.2 a generalised type II defect is written down, with any number of bulk fields
and any number of extra degrees of freedom at the defect. The general form any
momentum conserving defect must take and the restrictions which must be satisfied
are found. In section 2.3 we consider a moving defect, and show that it is also
momentum conserving. Finally in section 2.4 the defect equations are modified to
give a Béacklund transformation. This Bécklund transformation exists for any bulk
theory for which a momentum conserving defect satisfying the constraints detailed

in this section can be found.

In chapter 3 the introductory section 3.1 gives some background on ATFTs in general
and section 3.2 runs over the proof that momentum conserving type I defects can
only appear in A, ATFTs, the working used to find the type II Tzitzéica defect, and
the method for folding two type I A3 ATFT defects to a single type II Cy ATFT
defect. Section 3.3 is then entirely original work. The general form of a momentum
conserving defect in an ATFT in section 3.3 and the specific momentum conserving
defects in A,, B,, C, and D, ATFTs given in sections 3.3.2-3.3.5 can be found in
[BB17]. The more detailed working for defects in the Dy ATFT given in section 3.3.1
appears in [Bril7], and the considerations as to why defects for the ATFTs based
on the exceptional Lie algebras have not yet been found in sections 3.3.6-3.3.8 are

original and unpublished.

In chapter 4 we focus on the Tzitzéica and D, defects. Section 4.1 gives a general
introduction to integrability and the condition which must be satisfied for the system
with a defect to have infinitely many conserved quantities is found. Section 4.2 uses
the form of a generalised momentum conserving defect in an ATFT from section 3.3
to show that momentum conservation is a necessary condition for the defect to be
integrable. Taking the specific Tzitzéica and D, cases in sections 4.2.1 and 4.2.2 we
are able to satisfy the defect zero curvature condition. The results in sections 4.2
and 4.2.2 may be found in [Bril7]. The defect matrix in the Tzitzéica model has

been found previously in [AAGZ11].

In chapter 5 the interactions of solitons and defects are considered. Some background
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on solitons in the Dy ATFT is given in section 5.1. Section 5.3 contains the soliton
delays found for a Dy ATFT defect as given in section 3.3.1, which appear in [BB17].
This chapter also contains unpublished work on the possible topological charges of
the defect and the behaviour of the extra degrees of freedom at the defect as the

soliton interacts with it.



Chapter 2

Momentum conserving defects

2.1 Introduction

It is possible for some two-dimensional integrable field theories to accommodate
discontinuities in the fields and yet still have several conserved quantities. These
include energy and, more remarkably given the breaking of translation invariance
by introducing the discontinuity at a specific point in space, momentum. These
systems still admit soliton solutions, in the form of solitons in the bulk which are
transmitted through the discontinuity with some delay, and have an infinite number
of conserved charges, and so likely remain integrable [BCZ04a; CZ07; CZ09b; CZ09a).
This discontinuity is referred to as a defect in the theory, and the fields on either
side of the discontinuity are related by some set of defect conditions. There may be
a potential and extra degrees of freedom which exist only at the defect and influence

the defect conditions.

We take the defect to lie at © = 0 (although in section 2.3 we will consider a defect
with a time dependent position). The bulk vector field in the region z < 0 will be
called u(x,t), the bulk vector field in the region z > 0 will be called v(x,¢) and any
degrees of freedom living on the defect at © = 0 are labelled A(¢). We shall refer to
the \(t) as auziliary fields. The term field may seem a peculiar choice as A has no

spatial dependence; however when we come to consider Backlund transformations
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we will see that it is natural to extend the definition of A to take values in the
bulk. We denote the components of u, v and X as uy, usg, ..., v1,V2, ..., Ay, Aoy ...
Additionally we will assume that u and v describe two copies of the same bulk theory
but on different sides of the defect, so that the number of components of v and v

are equal. There may be any number of components of the auxiliary vector field \.

The Lagrangian description of the theory in the presence of a defect at + = 0 is

given in terms of a density
L=0(—z)L" +O0(z)L™ + 6(x)LP, (2.1.1)

where the bulk Lagrangian densities

1

LW = i(ui,tui,t — Ui pUiz) — Ulu) (2.1.2)
1

£ = §(Ui,tvz‘,t — VigVig) — V(v) (2.1.3)

govern the behaviour of the bulk fields v and v. Subscripts of t and x denote partial
differentiation with respect to that variable and are separated from subscripts of
indices by a comma. FEinstein sum notation is used throughout. The two bulk
theories are coupled at z = 0 via the defect Lagrangian £ which depends on u, v

and A. This Lagrangian set-up was pioneered in [BCZ04b].

The form of £P we will consider in this chapter is motivated by combining features
from existing examples of defects. For the type I defects investigated in [BCZ04b;
BCZ04a; CZ04; CZ07; CZ09b] the bulk fields couple to each other at the defect and
there are no auxiliary fields. An example of a type I defect coupling multicomponent
fields v and v is the defect for A, ATFT considered in [CZ09b]; its Lagrangian is of

the form

1 1
ED :§Uz‘AijUj,t + iviAijUj’t + UJZ<1 — A)ijvj,t — F(u, U) (214)

where A is a constant, antisymmetric matrix. However these momentum conserving
defects are only compatible with an A, ATFT in the bulk [BCZ04a]. These type

I defects have soliton solutions, where a soliton is transmitted through the defect
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[CZ09b]. Constructing the Lax pair showed that the restrictions on the defect
which ensured energy and momentum conservation were necessary and sufficient to
ensure the existence of an infinite number of conserved charges [BCZ04a; CZ09b].
In [CZ09a] an additional degree of freedom was introduced at the defect, and this
modification allowed a momentum conserving defect to appear within the Tzitzéica
model (excluded from the integrable type I defects due to being based on the simple

roots of folded As rather than purely on A,). This defect is of the form
LY =uv, +2X (uy — v,) — F(u,v, \) (2.1.5)

where u, v and A are scalar fields. There is a strong body of evidence to suggest that
this defect is integrable, namely that momentum and energy are conserved, solitons
were able to pass through it with no change other than a delay (determined by the
rapidity of the soliton and the defect parameters) [CZ09a], and that the existence
of an infinite number of conserved charges has been shown for the Tzitzéica defect
[AAGZ11]. Liouville integrability of defects with additional degrees of freedom has
been investigated in [AD12a; AD12b|, although these defects are not presented in

the Lagrangian framework used here.

In both of these examples, the defect Lagrangian consists of two parts: a defect
potential F' = F(u,v,\) and ‘kinetic terms’ coupling the time derivatives of the
fields to the fields themselves via constant matrices. In this chapter we shall consider
the most general defect of this form, combining the vector field aspect of the type
I defect (which allowed it to encompass all A, ATFTs) with the auxiliary field
appearing in the type II defect (which allowed a momentum conserving defect to be
constructed for an ATFT not based on A,). The work in [Rob14b] went some way
toward combining the two approaches, but required the number of auxiliary fields

to be equal to or a multiple of the number of bulk fields.

In section 2.2 we shall derive conditions for a general class of type II defects, where
there are any number of bulk fields and any number of extra degrees of freedom

confined to the defect, to be momentum conserving. Considering the results in the
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type I case we are hopeful that the constraints from energy-momentum conservation
will be sufficient to ensure integrability. In chapter 4 we will see that this is likely

the case for certain Tzitzéica and Dy ATFT defects.

The initial calculations here are for stationary defects, but in section 2.3 we will also

consider momentum conservation for a system with a moving defect.

In [BCZ04b; BCZ04a] it was noted that the defect conditions of any momentum
conserving type I defect in an A, ATFT were a Backlund transformation if the
defect conditions were taken to hold everywhere, and in [CZ09a] a new Béacklund
transformation for the Tzitzéica model was found by modifying the type II defect
conditions. In section 2.4 we show that the defect conditions of the momentum
conserving defects investigated can always be augmented to provide a set of equations
which are a Bécklund transformation for the bulk theory. If the defect equations
linking the theories on either side are a Backlund transformation then we would
expect the system to have soliton solutions which pass through the defect, a feature

of integrable systems.

2.2 A momentum conserving generalised type II

defect

The defect Lagrangian density we consider is

1
cP =§U¢Az‘juj,t + §UiBijUJ}t + uiCijvj

1
+ 5)\1'Wij)\j,t -+ )\/L‘Xijuj'7t -+ Ai}/;jvj,t — F(u, v, )\), (221)

where A, B, C', W, X and Y are arbitrary, constant, real coupling matrices. This
general form of defect Lagrangian depends on a plethora of unknown couplings
contained in the matrices A, B, C', W, X and Y. The main purpose of this section
will be to pin down the form of this Lagrangian much more precisely by using our

freedom to make field redefinitions and by applying the constraints arising when we
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require that the system with a defect conserves momentum.

We can immediately see that some of the couplings in the defect Lagrangian (2.2.1)
are redundant. The matrices A, B and W can be taken to be antisymmetric as any
symmetric part simply adds a total derivative to the Lagrangian which is physically
irrelevant, at least in the classical case. Further simplifications can be made by using
field redefinitions to put the Lagrangian in a canonical form. Because the auxiliary
vector field A\ does not appear in the bulk Lagrangians the behaviour of the system
is not altered under the redefinition of the auxiliary fields A\; = a;u; + Bijv; + 7iiAj.
a and B are any matrices and v is an invertible matrix to ensure the degrees of
freedom associated to the auxiliary fields are not removed. The bulk fields can
also be transformed as u; — Qiu;, v; — Qf;v; without changing the general form
of the bulk and defect Lagrangians provided @) and @’ are both orthogonal. We
intend to use these field redefinitions to simplify the Lagrangian in eq.(2.2.1) as
far as possible, ‘absorbing’ the freedom in the arbitrary coupling matrices into the
auxiliary fields. We will find that any momentum conserving defect of the form
given above is equivalent, up to some field redefinitions, to a defect in which each
component of the fields may couple in either the type I or the type II manner seen

in egs.(2.1.4),(2.1.5).

We begin by further simplifying W, the antisymmetric matrix containing the coup-
lings between auxiliary fields. The spectral theorem states there exists a change

of basis A; — 7vi;A; where the matrix « is orthogonal, in which the antisymmetric
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matrix W takes the block-diagonal form

0O 4L ... 0 00 ... 0
- 0 0 0 0 0
. 0 0 ... 0 5,0 .0
W —=~"Wy= (2.2.2)
0 O —lx 0 0 0
0 O 0 0 0 0
o 0 ... 0 0O0 ... 0

where the matrix has 2%k non-zero eigenvalues, £il;. We can also scale the auxiliary
fields A\; — ¢;\;, where ¢; are some scalars, to take all entries in this block-diagonal
matrix to +1. These field redefinitions can be carried out without loss of generality,

and so we can always use them to set

0 1 0 00 0
-1 0 0 00 0
0 0 ... 0 10..0
W = . (2.2.3)
0 0 ~10 0 0
0 0 0 00 0
0 0 ... 0 00 ...0

The field redefinition on A will also affect the matrices X and Y but these changes
can be ignored as they amount to redefinitions of what are already arbitrary matrices.
With W as above, the components of the auxiliary field, {);}, naturally divide into
those for ¢ = 1...2k which couple to other auxiliary fields, and the remaining
components in the zero eigenspace of W which have no coupling to other auxiliary
fields in the ‘kinetic’ part of the defect Lagrangian. The components of A which

couple to other auxiliary fields are relabelled as &1, &s, ..., components of the vector
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field &, and the components of A which couple to no other auxiliary fields are
relabelled as py, po, . .., components of the vector field p. In terms of £ and p the

defect Lagrangian density can now be rewritten as

1 1 1
L :iuiAijuj,t + iviBijUj,t + u;Ci054 + igiWijgj,t

+ i Xijuge + fiXijuj,t + wiYivje + giifz’jvj,t - F (2.2.4)
where matrices X and Y have been split into the smaller matrices X, X , Y and 1%

in order to separate the couplings of the bulk fields to {y;} and {¢;}. The matrix W

is from now on taken to be

0 1 0 O
-1 0 0 0
W=1|: . (2.2.5)
00 .. 0 1
0 O -1 0

Having simplified W as far as we can we now turn to the couplings of £ to the bulk

fields. The redefinitions & — Winijzk + V[/iji}jkvk + & give

1 1 A N N N
§§imjfj,t — 5 (Wz’kazUz + Wi Yo + fi) Wi (VijXklul,t + Wi Yiv, + fj,t) .

(2.2.6)

Using W2 = —1 it is then straightforward to show that this provides cancellations

which leave the Lagrangian density as

1 1 1
L =§U¢Aijuj,t + ivz‘BijUj,t + u;Ci054 + §§iWij§j,t + piXijuje + piYijvje — F.

(2.2.7)

As before the effect of these field redefinitions on the arbitrary matrices A, B and

C has been negated by an appropriate redefinition of these matrices.

We shall now look for the conditions on the matrices A, B, C', W, X and Y and
potential F' which arise from demanding that the system described by the Lagrangian

in eq.(2.2.7) has a conserved momentum and energy. We expect that demanding
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momentum conservation will be sufficient to ensure the integrability of the defect.

The Euler-Lagrange equations arising from the Lagrangian density in eq.(2.1.1) with

the defect Lagrangian in eq.(2.2.7) give the equations of motion

x<0: 0 =it — Ujgy + Uy, (2.2.8)
x>0: 0 =Vip — Viga + Vi, (2.2.9)
r=0: Wi g =Aiuir + Cijvje — Xjiptie — Fu, (2.2.10)
Vig =Cjiujp — Bijvi + Yiipi + F, (2.2.11)

0 =Xj;u;, + Y05, — F, (2.2.12)

0 =W, — F, (2.2.13)

where a subscript containing a field denotes partial differentiation with respect to

that field.

The total energy of the fields in the bulk is

0 1 oo 1
E :/ dz (2 (Wi pUip + Ui g Ui g) + U) + / dx (2 (Vi4Vit + Vi gV ) + V) (2.2.14)
oo 0

and we expect the conserved total energy to be the sum of this bulk energy plus some
contribution from the defect. Differentiating eq.(2.2.14) with respect to ¢ and then
using the bulk equations of motion in eqs.(2.2.8), (2.2.9) to rewrite the integrand as a
total x derivative allows us to carry out the integration (with {w;},{v;} — constant

as x — 0o and U and V having no local minima, only global minima), giving

dE
FT (Wi puis — Ui,wvi,t)lxzo- (2.2.15)
In order for this term to be conserved we must be able to write the right hand side of

this equation as a total time derivative. Using the defect conditions in eqs.(2.2.10),

(2.2.11) to remove the = derivatives we find that eq.(2.2.15) may be rewritten as

dE  dF

—_—= = 221
dt dt ( 6)

Therefore E + F' is the conserved energy-like quantity, where F is the bulk energy
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and F' is the defect potential. The introduction of a defect at z = 0 does not break
the time translation symmetry of the system, so perhaps it is not surprising that
it is always possible to construct a conserved energy without placing any further

constraints on the couplings in the defect Lagrangian.

Since the defect breaks manifest translation invariance, the system is no longer
obviously momentum conserving, and we expect requiring conservation of momentum
to be far more restrictive than requiring conservation of energy. Total momentum

of the fields in the bulk is given by

0 00
P :/ do (u;zuit) +/dx (Vi 20it) (2.2.17)
—00 0

and again we will require that this plus some defect contribution is conserved. Dif-
ferentiating eq.(2.2.17) with respect to ¢, using the bulk equations of motion in
egs.(2.2.8), (2.2.9) to rewrite the integrand as a total = derivative and carrying out

the integration gives

P

1
E = ( (ui,tui,t + Us zUs 0z — Ui gVt — Uz'@l)i’m) -U + V) (2218)

2

=0
In order for the system to be momentum conserving we must be able to rewrite

eq.(2.2.18) as

dP A

= 2.2.19
dt dt ( )

where () is the defect contribution to the total momentum of the system.

Using the defect conditions in eqs.(2.2.10)-(2.2.12) we now aim to find the restrictions
on the couplings at the defect and the defect potential which are necessary to ensure
the system is momentum conserving and so (hopefully) integrable. All fields can
be assumed to be evaluated at * = 0 from now on. In order for eq.(2.2.18) to be
written as a total ¢ derivative the x derivatives must be removed, which can only be

done by substituting in egs.(2.2.10),(2.2.11). We also have the freedom to add any
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multiple of eqs.(2.2.13),(2.2.12), as such terms are equal to zero. This gives

ilf :;Uz}t (1 — A% — CCT)Z,J, Ujt — ;Ui,t (1 - B — CTC)ij Vst

— iy (AC = CB),; vjy +uiy (AX" — C'YT)U s

— Ut (CTXT + BYT)Z.J. i+ ;Mi,t (XXT - YYT)U Mt
— (FuAyj + Fu.Ch) ujy — (Fu,Cij — FoBij) vje + (Fu X5 = BY) s

(%3 ij

1
+ 3 (F,F,, — F,,F,)—U+V

+ (=&eatWhi — Fe,) (pi + Tijuje + i)

+ (e X+ Ort Vi — Fﬂi) (03 + mijuje + Xijvje + Vijhe + wis&e) - (2.2.20)
For the right hand side of this equation to be a total ¢ derivative we must remove
all terms which are not linear in ¢ derivatives of the fields. The last two lines of this
equation contain multiples of the expressions in egs.(2.2.13),(2.2.12). We have not
added multiples of the expressions in eqs.(2.2.10),(2.2.11), as these would reintroduce
derivatives of the fields with respect to z which cannot be expressed as t derivatives.
Equally the multiplicative factors of the expressions in eqs.(2.2.13),(2.2.12) have
been chosen to introduce no higher than quadratic terms of ¢ derivatives of fields
into eq.(2.2.20), with any quadratic terms introduced also appearing elsewhere in the
expression. This ensures that no terms which would not cancel with any other terms
in the expression and which cannot be made into a total ¢ derivative are introduced,

as such terms would be immediately set to zero.

Let us begin by considering the term g, , (XXT — YYT>U ;¢ For this to be a total
t derivative it must identically vanish, and as the quantity X X7 — YY7 is explicitly
symmetric, we have that X X7 = YY7T. Now consider the case in which a particular
auxiliary field decouples from u but not from v. It is always possible to permute
the labels on the fields {y;} by a field redefinition so that the field u; is the one
decoupling from u but not from v, so X1; = 0 V j. The condition X;; X7, = Y;;Yj}
then requires Ylej:g = 0 V. One of the conditions from this is Y3,;Y7; = 0 and

since all coupling matrices are assumed to be real this is only satisfied if Y;; =0 V j.
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Therefore if an auxiliary field decouples from u it must also decouple from v and
vice versa. From eq.(2.2.12) we then have that the equation of motion of the field
is F,, = 0, and so if an auxiliary field decouples completely from all other auxiliary
fields and from one of the bulk vector fields it can be made to disappear entirely

from the defect Lagrangian.

Now consider the p; ; X;;u; ¢ + ;Y054 terms. We take vectors v and v to have r
components and vector ;1 to have m components. The matrix X7 has a kernel which
will be some subspace of the vector space p is living in. By a transformation of p
we can take the basis of the kernel of X7 to be the final k elements of p. After this
transformation the final k¥ columns of X7 will be zero. The final k& components of
completely decouple from u, and so by the argument in the above paragraph they
also completely decouple from v, and so Y7 also has the final k¥ columns as zero.
The final k£ components of p are now auxiliary fields which completely decouple from
uw and v, and so can be removed from the Lagrangian. The vector p is now length
m — k and the matrices X7 and Y7 must have a kernel of 0, otherwise further
components should have decoupled. A matrix can only have a zero kernel if the
number of rows is greater than or equal to the number of columns, so X and Y are
both (m — k) x r matrices with m — k < r. The matrix X also has a kernel, and
we can take this to have a basis consisting of the first n components of v by an
orthogonal transformation of u. These components of u completely decouple from
the auxiliary fields, and so we choose to denote the vector containing only these
components of u as u!), where the superscript indicates that these fields couple like
a type I defect. We will call the vector containing the remaining components of u
u?. The first n columns of X are then zero, and by rewriting the term ji; ; X;;u;
as i (0 X);uj0 = ,u@tXijug-i) we have that X is a (m — k) X (r — n) matrix with
zero kernel and so r —n < m — k. But if r —n < m — k then X7 now has more
columns than rows and can no longer have a kernel of zero, therefore X is a square
matrix coupling p and u®. By the same argument Y is also a (r —n) x (r — n)

matrix, with the first n elements of v now contained in the vector v thanks to an
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orthogonal transformation of v.

The single bulk vector fields v and v have each been split into two vectors, with «

and v arranged so that

e e
u = v = . (2.2.21)
u(2) U(Q)

The length n vectors u™™ and v™ do not couple to any of the auxiliary fields and
the length r — n vectors u® and v® couple to the r — n auxiliary fields which have
not been removed by field redefinitions and do not couple to any other auxiliary
fields. We relabel the vector field i as p® to emphasise that it is coupling to the
bulk fields in vectors u® and v® only. After these field redefinitions the term
it X550 + 5.1 Y3505, has become uz(-i)Xijuft) + ug?}/}jvﬁ) with X and Y square with
zero kernel. Because they are square with zero kernel both X and Y are invertible,
and we can use the field redefinition 1@ — (X~1)" 4® to set X = 1. The condition
XXT =YYT becomes YYT =1, and so Y must be orthogonal. We no longer have
complete freedom to carry out orthogonal transformations on bulk vector fields u
and v, but orthogonal transformations which do not mix the components of u(Y,
v with v, v are still allowed. So we can use the orthogonal field redefinition
052) — —YUTUJ(-Q) to set Y = —1. Finally to keep the type II couplings in the form
seen in eq.(2.1.5) we make the field redefinition p(? — 24, setting X = 21 and
Y = -21.

This splitting of the vector fields u and v into u™™ and u® and v and v® re-
spectively will also require the coupling matrices A, B and C' to be split up. We

take

A0D) 4012 B g2 oy oa2)
A= B = C = (2.2.22)
_ AT 4(22) _Bu2T g2 cey  o22)

where A A2 B and B®? are antisymmetric to ensure A and B are an-

tisymmetric matrices. The matrices 7, ¢, m and x introduced in eq.(2.2.20) split
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into
T:(Tm T(z)) ¢:<¢<1> ¢<2>) w:<7r(1> 7T(z)) X=<x(” x@))- (2.2.23)

The field redefinition ,u,EZ) — %CSQ)TUE-I) + iAg-Q)qu) + %C’i(fl)v](-l) — lB(22) ( ) 4+ /152)

can be used to set C1? = A®? = B®2) — (0. With this simplification the defect

Lagrangian can now be written

D ; WD AD D 4o D 402 +;U< B 4 0 B2, (2

11 2) ~(22) (2 2 2

+ U( )Cz( ) ](t) + Uz( )Cz‘(j )UJ(‘,t) + 2”1( : ( z(t) - Uft) + le/vugjt F. (2.2.24)

Having set the term p; (XXT — YYT) [+ to zero, let us return to the other terms
ij

on the right hand side of eq.(2.2.20) which must be a total ¢ derivative for the defect

to conserve momentum. The eq.(2.2.20) can now be rewritten as

(iif 1u2(1t) (1 A2 _ oy oanT | A(12)A(12)T>”u§’1t)

2
1

+gupy (1= CBICEIT 1 ADITAC) 44z ®)) )
LW
— gl (-
1
5

o ) 1_ 0@TEE) | gu2)? BU? | 4, )) (2)

H
U:J

11)TC(11)+B(12)B(12)T) U]('It)
ij b

]t

B uﬁ) A0 A(2) _ 27T(1)T) ( ) i U(l) (B( 1) 4(2) _ QX(UT)”U(.Q)

t
] ]7

1 1 2 2
— u;t) (A(ll)c(ll) — C(H)B(H))U UJ(',t) + QUE,t) (X(2) _ 7T(2)T)ij UJ(',t)
_ uglt) (A(12)C(22) —_ o pa2) 4 27T(1)T) B U]('2t)

) 1) ’
+ uZ(Qt) (A(12)TC(11) AT 49,0 )) (1)

V¢

+ 2“5,11;)141(]12)115 t) + uz( t) ( (1) ) i+ 2@(1)BZ(J12)M§22 + vﬁ) (ng ) i
+ Zug) ( @ 4 w) N @ 4 ug 2 (2w + T(Q)TW) R

— 207 (C*7 4 w) 1) =0 (Zw — ¢ TW)U Eir

—uf? (A(”)TF + O )F +7r( Fo+ i Fe; — 2"@‘)



2.2. A momentum conserving generalised type II defect 22

) iJ

_ Uﬁt) (C.(.ll)TFug) + Bi(jll)Fv(‘U + Bi(jm)Fv(_z) + X(.l,)TFM@) + ¢§]1-)TF€].)
J J J J

7N

C.(.QQ)TFU(Q) — Bzgjm)TFv(l) + XQ)TFH(_Q) + nggg‘)TF&j + 20i>
J J

7, ) )
J
+ ,u” <2F @ + 2F (2) - w F (2)> - £i,t (wg;FM(_z) + Wijpj>
J
1
+2@m@w+ﬂpqw—ﬂwﬂm—q®q@—Qﬂm—@ﬁ

~U+V. (2.2.25)

Terms in eq.(2.2.25) containing two t derivatives must be set to zero, as they

cannot be written as a total ¢t derivative. From the coefficients of ult p§ t) and

vﬁ)uﬁ) in eq.(2.2.25) we have A'? = 0 and B'? = 0. The ug’lt)gﬂ and Ui,t &4
terms set 7)) = 0 and ¢(!) = 0. The coefficients of ug?é’ﬂ and Ug)fﬂ constrain

w = $¢@TW and 7@ = —¢®, whilst we can see that 7 = 0 and x¥) = 0 by

gt), UZ( t)'u( ) ug t)U(Q) and ul(zt)vj(lt) For the coeffi-

looking at the coefficients of u” u it

cient of uzzt)v( ) to vanish we need that Y = 7®7 and from the coefficients of

Et),uj and vlt ,u]t we find that 1/) C®?2) and that C®? is symmetric. The

field redefinition p; — Siju + Slv

ij ] ) 4 (i, where S and S’ are symmetric, can

always be used to set the symmetric part of C?? (the symmetry of S and S’ en-

sure we do not introduce new terms proportional to uE t)ug t) or vft)v(t) into the

Lagrangian in eq.(2.2.24)). Since C'??) is entirely symmetric we may use this field

redefinition to set C(?? = 1. The vanishing of the coefficients of uft)u@)

75t
vf?vﬁ) then set x® and 7® to be antisymmetric. The coefficient of ug}t)ugt)

and
would
be zero if 1 — AUD2 — cODCODT could be made antisymmetric, but as it is ex-
plicitly symmetric we must set it to zero. Following the method in [BCZ04a]
we set CUDCODT — (1 — A(H)) (1 — A(H)T>. The matrix A is antisymmet-
ric and so has purely imaginary eigenvalues, therefore the matrix (1 — A1) has

no zero eigenvalues and we can write (1 - A(H))il cn ((1 - A(H))il C(H)) =1

-1
Therefore (1 - A(H)) C) = @, where @ is an orthogonal matrix and we can
set 1) = (1 - A(H)) Q). As previously mentioned we still have the freedom

to carry out an orthogonal transformation on u® or v(!) without changing the
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form of the Lagrangian in eq.(2.2.24), and we can use such transformations to
set C1Y = (1—A(11)). The condition from the coefficient of uEi)vj(}t) is now
A0D (1 A(H)) (1 A(“)) B and as (1 - A(H)) is both invertible and com-
mutes with A we have B = A This also ensures that the coefficient of
vﬁ)v](-}t) vanishes. We will set A1) = A as the superscript is no longer necessary

to identify this matrix. All the coupling matrices apart from A have now been set,

either to ensure momentum conservation or via field redefinitions.

Putting this all together we have found that in order for a defect to be momentum
conserving its Lagrangian must, up to orthogonal transformations of the bulk fields
u and v and field redefinitions of the auxiliary fields p and &, be of the form

1
ED :iuz(l)Al]ug,lt) (1 AZJU]t ( (1 A)

1
U o () o) + W~ P (2220

ij ]t

where A may be any antisymmetric matrix, W is given in eq.(2.2.5) and the com-
ponents of the bulk vector fields may be divided in any way between the vector fields

D and u®, v®. The Lagrangian appears to have split into a type I defect, a

u® o
type II defect and some extra degrees of freedom, with these separate systems only
interacting through the defect potential. Note that if there are no auxiliary fields,
so that @, &, u® and v® are absent, then this Lagrangian reduces to the form of
the A, ATFT Toda defect in eq.(2.1.4). On the other hand, in the case of a single
auxiliary field coupling to single component bulk fields, the fields u™®, v(!) and &

vanish and the Lagrangian is in the same form as the Lagrangian of the Tzitzéica

defect in eq.(2.1.5).

That the defect Lagrangian is in the form eq.(2.2.26) is a necessary but not yet
sufficient condition for the defect to be momentum conserving. So far we have
eliminated all the terms in eq.(2.2.25) which are quadratic in ¢ derivatives. To ensure
that the defect is momentum conserving we must consider the terms which are linear
or independent of ¢ derivatives; in this way we shall find additional constraints, in

particular on the form of the defect potential F'. Applying the constraints on the
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coupling matrices which we have just found the momentum conservation condition

for the defect becomes

=
dt 7,0
—old (@ A P+ Ay ) = ol (P + 7P E g + o) o+ 20,)

P
”(mﬁ%n—ufngmﬂm)—uﬁ<q@—w9§ﬁpwﬁ”@f—%a

1
+ ,uz('?t) <2Fu(2) + ZFU@) + FM(_Q)) + &t <2Wij¢jk Ff“l(f) — VV@ﬁj)

1
+ 5 (Fu(.l)Fu('l) + Fu(_Q) Fu@) - FUQ)FvQ) — Fv@)FU@) — QFM(;)O'@' — 2F&pl>

~ U+ V. (2.2.27)

From eq.(2.2.19) we see that the terms involving one ¢ derivative will set the deriv-
atives of the unknown quantity 2. The terms containing no ¢ derivatives obviously
cannot be written as a total ¢ derivative, so must be set to zero. The conditions for

momentum conservation are therefore

Qu(.l) = — AZ]Fu(l) + (1 - A>'LJ Fv(.1>
(3 J J
QUQ) = (1 + A)Z] Fu(.l) + Aiij(l)
[3 J
Qu(g) :Fvgz) — WZ(]?)F“(;) — ¢(2) F
[3 7 J
Qvgz) :Fu§2) + ﬂ-i(]?)F‘uéQ) + gbl(?)TFSJ + QO'Z'
ngz) = — 2Fu52> — 2Fv§2) - FMEQ)
Qe = — W@ F o 4 W 2.2.28
&= = Vi Lo+ Wigp; (2.2.28)
2(U — V) :Fu(_1)Fu(_1) + Fu(_z)Fu(_z) — FU(I)FU(I) — FU@)FUQ)

—2F (0; — 2F¢,pi (2.2.29)

where P + () is the conserved momentum-like quantity.

At this point we can simplify these momentum conservation conditions significantly
by introducing new fields p; = % (u; +v;), ¢ = % (u; — v;) and new quantities D, D
with F = D+ D and Q = D — D. The vector fields p and ¢ split into p), p® and

g, ¢@ in exactly the same way as the u and v vector fields split into ™, u® and
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v, v, The momentum conservation conditions in eq.(2.2.28) then simplify to

ngl) =0
Dpf) =0
DQEU = — Aiij§1>
D@==-De
20, = — Dqu) — WZ(]?) (Duf) + Du§-2>> - (bz(_?)T (Dij + Déa‘)
20; =4\ (DH§2> + Du§2>) — 2W; (ij - ij) : (2.2.30)

The first four of these equations are satisfied if we require the dependencies of D

and D to be

D D(p(l) + AgW, p®@ —u(z),q@),é) (2.2.31)

(q(l), q(2)7 :U’(2)7 5) ) (2232)

D

I
-]

The second two equations simply set the two arbitrary vectors o and p we introduced
previously. Rewriting eq.(2.2.29) using eq.(2.2.30) and recalling A and 7® are

antisymmetric gives
2(U-V)=D,0D+D@D,e — DD,z —ADe Wi De,. (2.2.33)

So a momentum conserving defect has a Lagrangian density which can, using field re-
definitions, be written in the form given in eq.(2.2.26) and a defect potential given by
F = D + D where quantities D (p(l) + AgM p® — 1) ¢ f), D (q(l), ¢, 1, f)
satisfy the momentum conservation condition in eq.(2.2.33). The total conserved
energy and momentum of the system are E + D + D and P+ D — D, where E and

P are the bulk energy and momentum.

From the form of the momentum conservation conditions for D and D we can imme-
diately see that multiplying D by a constant, which we will call o, and multiplying D
by =1 does not affect whether they satisfy the momentum conservation conditions.

However, it will affect the defect contribution to the total energy and momentum,
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so the value of this constant is physically important. When we come to write down
expressions for D and D we will see that D always has an overall multiplier of
the arbitrary constant ¢ and D an overall multiplier of o~='. We call o the defect

parameter.

A redefinition u(-Q)

)

— ,ul s f( ) (2 does not alter the defect Lagrangian in
eq.(2.2.26) as it only introduces a totalz t derivative. Redefinitions of the bulk fields
which are the orthogonal transformations u¥ — Qu™ and v — QTu(l), or the
orthogonal transformations u®® — Qu®, v® — Qv® and u® — QTu®, or the
shifts u — u+c¢, v — v+d (where @ and @’ are any orthogonal matrices and ¢ and d
are any constants) alter neither the bulk nor the defect Lagrangian. Therefore none
of these redefinitions affect the defect equations or any of the subsequent working to
find the momentum conservation condition in eq.(2.2.33). This means that once D
and D satisfying the momentum conservation condition have been found these field
redefinitions can be used to give a family of different defect potentials satisfying the

same momentum conservation condition.

The equations of motion at the defect, with the defect Lagrangian given in eq.(2.2.26)

with F' = D + D and written in terms of p; = %(ul +v;), ¢; = %( — v;), are

pglﬁ _pzt + QAzJQJt - ;qugl) - ;qugl) (2.2.34)
) =—q) — ;ngn (2.2.35)
Pl =pi) = 2u7 - ;qu@ - ;D%@) (2.2.36)
0 =—a) - ;Dm@ (2.2.37)

0=q¢;7 — iD#@) — iDM@) (2.2.38)

0 =&i4 + WijDe, + Wi; De, (2.2.39)
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2.3 Moving defects

So far we have only considered a defect at x = 0, but it is possible for a defect to
have a time dependent position. In [BCZ05] a type I defect with a time dependent
position y was considered. Requiring momentum conservation it was found that the
defect contribution to momentum was the same as in the stationary case but with
a shifted defect parameter o. The same was true for the defect contribution for
the energy. The scattering of a defect off another defect was then considered and
the results used to find quantum scattering matrices. We shall carry out the same
procedure to construct classical moving defects for the more general class of defects
found in section 2.2. We will also consider the effect of Lorentz boosts specifically,
based on similar calculations carried out for the type I sine-Gordon defect in [Bow17].
This consideration of moving defects is interesting in its own right and opens up
the possibility of further investigations into defect-defect scattering (although we
make no consideration of that here). However, more importantly for this thesis, it
will provide some motivation for the method of obtaining Backlund transformations
from the defect equations given in section 2.4. It transpires that in addition to the
defect equations of motion for a stationary defect the defect equations for a defect
moving with infinite velocity (a space-like defect) are necessary to find a Backlund

transformation between the bulk theories on either side of the defect.

For a system with a defect at = = y(t), the vector field u to the left of the defect

and the vector field v to the right of the defect the Lagrangian density we choose is
L=0(y—z)L" +0(x —y)LY 4 6(x —y)LP, (2.3.1)

which gives the action

s=/ O:gt ( / y;ix,c(“) + /y QoL 4 £P H) . (2.3.2)

When varying this action and rewriting terms using total ¢ derivatives we must use

the Leibniz integral rule, as the limits on the x integrations are time dependent, and
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recall that the total ¢ derivative of a function evaluated at a time dependent position

is given by

dffa=y
dt

= (ft + yefo)loey - (2.3.3)

This then gives the Euler-Lagrange equations

p<y: 0= T (e) - S () (2.3.4)
vy 0= - () - () (2.3.5)

) W ) @ o4 /.p d /.p

0=yL) — L (2.3.7)

for ¢ = u},u? v}, v?, p?,&. Evidently some of these equations will automatically be
satisfied due to £(“?) not depending on all fields. For eq.(2.3.7) to be satisfied all
derivatives in £” must appear as d; + v,0,, that is, they must be along the tangent
to the path of the defect. For any field evaluated at the defect its total ¢ derivative

is given by eq.(2.3.3).

We take the bulk Lagrangians to be the same as those used in section 2.3, given in
eqgs.(2.1.2),(2.1.3). Rather than working through momentum conservation completely
for a moving defect we instead assume that the defect Lagrangian will be of a similar
form to that given in eq.(2.2.26). Replacing all instances of 0, appearing there with
0 + y:0, we have the defect Lagrangian
£0 =20 a5 () + gel?)) + 2ol 4y (o) + o)
2% i \Uje T YeUj o o Vi Aij \Yji YtV o
Ful? (L A1, (o + ) + o (o2 + o2

1
+ 2u§2) (uf? + ytul(i) — vﬁ) — ytvfx)) + i&‘sz (e +wéz) —F. (2.3.8)

Now we can check the energy and momentum conservation of this system. Taking

the bulk energy and momentum in eqs.(2.2.14),(2.2.17) we replace 0 with y as the
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position of the defect and differentiate with respect to t to get

dF 1
— = (Uiruz’t — ViaVit + Yt ( (Wi tUip + Ui g Wi — VigVsg — VigVig) + U — V))
dt 9 ] ] ] 2 ] ) ] 9 ] ] ] 3 x:y
(2.3.9)
dP 1
— = (yt (Wi pWit — Vi gVit) + = (WigWis + Wi gl — ViVt — Vigig) — U + V) .
(2.3.10)

Taking the defect contributions to the total energy and momentum to be ¥ and {2

respectively we require

dE AV, <d\Il d\If)

== V(o +yeto)l,—, (2:3.11)

At dt a ")) 2
P dQ,-,  (dQ  dQ B
a At (dt + ytdx> ’ L %: Qo (o + v100)|,o,  (2:3.12)

where ¢ again runs over all fields.

We will work with fields p; = %(uZ +v;) and ¢; = %(uZ — v;) rather than u; and v;.
The defect Euler-Lagrange equations in eq.(2.3.6) (along with the Lagrangian in
eq.(2.3.8)) then become

kY + 0 =plY + vl + 244 (a3 +wall)) - ;Fqgn (2.3.13)
wa + a4 =—a — ety — ; e (2.3.14)
s + 0 = +upl?) = 2 () + ) - ; e (2.3.15)
way +a =— a7 — e — ; e (2.3.16)
0 Zqi(? + ytqu) - zllFu§2> (2.3.17)
0 =&t + yeSie + Wij ke, (2.3.18)

where all equations are evaluated at x = y. Writing the energy and momentum
conservation conditions in eqs.(2.3.9),(2.3.10) in terms of p and ¢, rearranging these

so that all derivatives appear as 0; + 40, or y:0; + 0, and then using eqs.(2.3.13)-
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(2.3.16) to remove all y;,0; + 0, derivatives gives

‘f:_lf%(thrqu) Dty
1+, ((pzt +yply) Fyo + (i +yi2)) F, pE”)
1 _1 Y (( + Yy ) Fo+ (q” * ytqz(z)) F‘h@))
1 z_yty? ((qn + gty AiFym + (i + i) Fo
U1 (2.3.19)
(11]; =1 - (0 + il (il + vt

| (M 4 ) @, o
- Tyt ((pit + YtDix ) FPEI) + (pz-t + YtDix ) pr))

1
+ 1—y, (<QZ(t) + ytqm ) F PO (qZ(t) + ytqz(z)) Fq§2)>

2
o () + ) A + () + ) Fyo
1

+ 1 (Fpl(-l)Fqgl) + Fpgz) FqgQ)) )

—U+V. (2.3.20)

This obviously excludes y; = £1, so we will have to consider these cases separately.

To the energy conservation equation (2.3.19) we will add eq.(2.3.17) multiplied by
by 4(1 — y,)~* (,uz(f) +yt,u§§)) + oF and eq.(2.3.18) multiplied by pF, and to the
momentum conservation equation (2.3.20) we will add eq.(2.3.17) multiplied by
—4(1 —y) 7t (;é? + yt,ug)) + oF and eq.(2.3.18) multiplied by by pf. The vectors

P and p®* may contain any functions of the fields. This gives

(1) 1 @) 2)
it + ytpw; ) F (1) 1 + y (pzt + ytpza; ) sz(?)

1

2 1
— (q +ytqw)<1_ytyt2 by + 7 Fy )
( l(t2) + ytqm ) (1 _1 thtJf) - UZE>
= (s’

2y 1
e+ ) (1 _tyQ B+ 1 Fugm) + (&t + yibia) o1

Yt

d& 1
e (o
dt + Y

t
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1y 1 E E
_ 51 yt2 (F (1)F (1) + F (2 F(z ) — ZFN?)Ui — ngWiij
+ 4, (U = V) (2.3.21)
dpP 1 (1) (1) 1 ®) 2)
E = 1 Ty (pzt + YtDix ) F (1) B m (plt T YiDix ) FPZ(-Q)

1
( qu) (1_%2 i l_thqu)
+ (4 + wiaiy) (1_1 th2>+0 )
+ i’

2
Kt + ytl’[’zx ) <1 —_ y2 Fp<.2) +
t 1

F <2)> + (&t + wi&ia) i

I—y *
Ll (o LE o — FWisph
+ 51_7%2 ( pgn qu) + p52> q§2>) — Z H§2>0i — g Wiipj
-U+V. (2.3.22)

In the stationary case we immediately recovered U = F and then set F' = D + D
and Q = D — D. We no longer have ¥ = F but can still define functions D and D
such that ¥ = D+ D and Q = D — D. Substituting these into eqs.(2.3.11),(2.3.12)
and comparing these equations to eqs.(2.3.21),(2.3.22) we find that the defect con-
tributions to the energy and momentum and the defect potential must satisfy the

following constraints:

1
Dy T 14y, nY
1
Dyo =1 Ty »
1
qu(l) = — i " AUF (1)
1
Dqu) =— = (UzE +O’f))
1
DMEQ) = 1+ ” p§2>
1 E
D, =~ 5 (¢ +0l)
ng1> =0
D (2) =0
D ! A P F
O T At T e
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qu@):l L F(2)—1(0'E—O'~P>

Yy % 2\ ’
D o = F F
MEQ) 1 —y P§2) * 11—y M§2>
B _ 1 B P
D =—35 (F = o). (2.3.23)

Four of these constraints simply set the arbitrary vectors o and p¥*, with the

remaining constraints setting the dependencies of D and D to

D :D(p(l) + Aq(l),p(z) _ M(2)7 q(2),§) (2‘3‘24)
D =D(g",¢®, 5. ¢) (2.3.25)
(2.3.26)

and the defect potential to

F=1+y)D+ (1—y)D. (2.3.27)

The final step to ensure energy and momentum conservation is to require the terms
containing no derivatives in eqs.(2.3.21),(2.3.22) to vanish. Using the above con-

straints both the energy and momentum conservation conditions are

Q(U — V) :Dp(l)Dq(l) + Dqu) DM@) — Du(z) Dqu) — 4D§iVVUD§j. (2.3.28)

7 7 i

This is identical to the condition on D and D found in the stationary case and given

in eq.(2.2.29).

We have not yet shown that a defect moving along any trajectory may be momentum
conserving, as eqs.(2.3.9),(2.3.10) were not valid for y, = £1. However, taking the
defect equations in eqs.(2.3.13)-(2.3.18) with y, = £1 and carrying out the full
energy-momentum conservation calculation for these two specific cases we find that
the defect potential is still given by eq.(2.3.27) and D and D must still obey the

constraints in eqs.(2.3.24),(2.3.25),(2.3.28).

So, if we have found D and D which satisfy eqs.(2.3.24),(2.3.25),(2.3.28) for a sta-

tionary defect in a certain bulk theory then we can construct a defect moving along
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an arbitrary path by taking the defect Lagrangian given in eq.(2.3.8) and the defect

potential given in eq.(2.3.27). The equations of motion for such a defect are

1+ 1
(e = DL = o) =245 (4 +wal) - — 2D — — "D, (2.3.29)

2 q; 2

1+

(e + 1)laly +ai) = - T%Dp<_1> (2.3.30)

1+ 1=y -

(e = DG = p2) = =2 (uf) +9l) - — "Dy —— "Dy (2:331)
1+

(e + D(af? +a2) = 5 g D@ (2.3.32)

1+ -y, -
0= + ey - —2D,0 ——"D,o (2.3.33)

0=Cis+ yelin+ (L +y)WiDe, + (1 — )Wy D, (2.3.34)

We will now consider the particular case where we take a stationary defect and apply
a Lorentz boost. The bulk theory is relativistic for all defects considered in this

thesis. The coordinate transformation

t = cosh(n)t’ + sinh(n)z’ (2.3.35)

x =sinh(n)t’ + cosh(n)z’ (2.3.36)

is a Lorentz boost with rapidity 7. Applying this boost to the momentum conserving
defect whose Lagrangian is given in eq.(2.2.26), which is stationary in the (¢',2’)
frame and whose potential we denote as F' = D’ + D', gives the defect Lagrangian
in eq.(2.3.8) with y; = tanh () and defect potential F' = (cosh (n)) 1F’. We have
made use of the relations ©(cosh(n)z —sinh(n)t) = ©(x—tanh(n)t) and é(cosh(n)z —
sinh(n)t) = (cosh(n))~'d(x — tanh(n)t). As the moving defect potential must be of

the form given in eq.(2.3.27) for the defect to be momentum conserving we have

D/
D= — 1D 2.3.37
cosh(n)(1 + tanh()) (2:337)
i Is i
D= — D (2.3.38)

cosh(n)(1 — tanh(n))

Recalling that D contains the defect parameter o (and D contains %) we see that,

having taken a stationary defect with defect parameter o and applied a Lorentz
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boost with rapidity n, we must also scale the defect parameter by e~ if the boosted

defect is to be momentum conserving.

Finally we consider y; — —o0, or a space-like defect at ¢ = 0. This has the Lagrangian

density
L=0(-t)L™ + ()L™ +45(t)LP (2.3.39)

where £ is not dependent on the ¢ derivatives of any field. From eq.(2.3.8) we take

the defect Lagrangian to be

1 1
Lr = u(l)Au oM Aol +ulV (1 - A, v (1)

2 7 2 ] 7, i ]x

1 _
a0+ 2 (ulf) o)) + 56Wi€je — D+ D, (2.3.40)

where D and D have the dependencies given in egs.(2.2.31),(2.2.32) and satisfy the
condition in eq.(2.2.33). Moving to fields p; = £ (u; + v;), ¢; = 3 (u; — v;) this defect

has the equations of motion

1 1 1=
pie =pla + 2454} — P+ 5D (2.3.41)
1
aii =—a) = 5D, (2:3.42)
’ 2
2 2 2 1 I~
Py =p2 —2u2 — 5D + 5D (2.3.43)
1
2 2
0 =—a - 3D (2.3.44)
0=¢?-1po+lip. (2.3.45)
1,T 4 “E) 4 #E) «J.
0 =&ix + WijDe, — Wi Dy, (2.3.46)

evaluated at ¢t = 0. Note that these are the stationary defect Lagrangian in eq.(2.2.26)
and stationary defect equations in eqs.(2.2.26),(2.2.34)-(2.2.39) with ¢ <> 2z and
D — —D.

For this system the energy and momentum before and after the defect occurs are

given by

oo 1
E(u) :/ dz (2 (ui,tui,t + Ui,xui,m) + U> t S 0
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o0 1
= L d$<2(pi7tpi,t + 205 4Gix + Qi Qe

+ DiaPinz + 2Di2Gie + GiaGin) + U) (2.3.47)
E® = /_o:(jx (; (V4Vit + Vi 2V ) + V) t>0
=/ dx(;(pi,tpi,t — 2Di 1t + Qi Qi
+ Dializ — 2Di2liz + CGialic) + V) (2.3.48)
p :/O:g-f (uztuzx> t<0
= /_o:(jx (PiaDiw + PitGiz + GiPig + GitGiz) (2.3.49)
P = /0333 (Uz‘,t?}i,z) t>0
= /_zix (PiaDiw — Pitlie — Gializ + Uitliz) . (2.3.50)

For t # 0 we can easily check that these quantities are conserved by differentiating
with respect to ¢, then using the bulk equations of motion to rewrite the integrands
as total x derivatives. Using u,v — constant as x — oo and U and V' having no
local minima, only global minima we evaluate the integrals to find that they are zero.
In order to ensure energy and momentum conservation across the defect we simply

need to ensure that these quantities match at ¢ = 0. To evaluate the quantities

E® _ gO = / Az (2ps1Gis + 20sntin + U — V) (2.3.51)

pw — p :/ dz (2pi1Gix + 2¢itDi ) (2.3.52)

we use eqs.(2.3.41)-(2.3.44) to remove the t derivatives. For eq.(2.3.51) we also use
the condition on D and D in eq.(2.2.33) to remove U and V. Adding eq.(2.3.45)
multiplied by _QDQEQ) and eq.(2.3.46) multiplied by —(Dg, + Dg,) to eq.(2.3.51),
and eq.(2.3.45) multiplied by 4qi(72$) and eq.(2.3.46) multiplied by — (D¢, — Dg,) to
eq.(2.3.52), leaves us with

EW _ B = / dz( = plD 0 = pED @ — ¢)D 0 = ¢ D o — uED @ — €. De,

— qg}x)Dq(l) — qi(i,)Dq@) — ;LE?J?DH@) — fi,xD&) (2.3.53)
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7, T 7

P(u) — P(v) = L d:E( — p(lx)DpQ) - pz(-?x)Dp@) - qi(})qu - qi(?x)Dq(z) - ,LL(%C)DM(Q) - fmngi

+ qE’II)Dq'Q) + qz-(i)l_?q@ + ufw)l_)ﬂ@ + &,ngl) (2.3.54)

The integrands are now total = derivatives, and so can be evaluated as

(2.3.55)

(2.3.56)

So in order for the energy and momentum to match across the defect both D and

D must have no local minima, only global minima.

In these calculations we only needed to make use of the restriction on D and D given
in eq.(2.2.33) in the energy conservation calculation. This condition originally arose
from requiring momentum conservation in a non translationally invariant system.
Here the defect causes the system to no longer be time translationally invariant, so

it is not surprising that energy conservation is now the more restrictive condition.

2.4 Defects and Backlund transformations

A Bécklund transformation is a set of coupled first order differential equations whose
solutions also satisfy two sets of uncoupled higher order differential equations. These
transformations are very closely linked with soliton theory and integrable systems; for
more information on Backlund transformations and integrability see [Miu76; For90;
RS02]. Bécklund transformations can be used to obtain the soliton solutions of
some integrable systems [Lam67; LOT93]. Bécklund transformations are known for
the Kortweg-de Vries equation (the original integrable system with solitons) [WET73]
and sine-Gordon [DB76], with the sine-Gordon Bécklund transformations being
generalised to the rest of the A, ATFTs in [FG80]. The Bécklund transformation

for the Tzitzéica model is also known [BSS93].

In [BCZ04b; BCZ04a] it was noticed that the type I defect equations will, if taken

to hold everywhere, provide a Backlund transformation for the bulk equations of
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motion. This link between defects and Backlund transformations is not so surprising,
as the defects constructed here have defect equations which are first order and couple
the fields which appear in the bulk theories on either side of the defect. The link
between Béacklund transformations, defects and integrability has been investigated
in [Cau08; AAGZ11; CK15]. It is hoped that this observation can be used to find

new Béacklund transformations for the ATFTs not based on the simple roots of A,.

However, the defect equations for a type II defect do not give a Bécklund transform-
ation directly. In [CZ09a] a new Bécklund transformation of the Tzitzéica model was
found by considering the Bécklund transformation arising from the type I A, defect
and then folding this model to the Tzitzéica model. In doing so the defect equa-
tions for a momentum conserving Tzitzéica defect were retrieved and an additional
equation also appeared. Taking the set of momentum conserving defect equations
and adding to that the set of defect equations with t <+ z and D — —D, whilst
assuming these equations hold simultaneously and over all space, gave the same
set of equations as were obtained by folding the A, Backlund transformation. For
more information on the Tzitzéica Backlund transformations see references within

[CZ09a).

As we are attempting to find Béacklund transformations for a general field theory
with the bulk Lagrangians as given in eqs.(2.1.2),(2.1.3), which is obviously not
obtained by folding an A, ATFT, this observation is crucial. The main stumbling
block in getting a Bécklund transformation directly from the type II defect equations
is that these equations involve the auxiliary fields, which are only defined at = = 0.
However the procedure described above will introduce x derivatives of these fields
to the equations. Note that this procedure applied to type I defect equations leaves
them unchanged. There may also be some link here with our consideration of moving
defects in section 2.3. There we suggested that a defect at a fixed time would have
defect equations which were given by taking the defect equations of a momentum
conserving defect at a fixed point with t <> z and D — —D. It may be that we

can think of the Bécklund transformation arising from a general type Il defect as
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the defect equations for both a defect stationary in space and a defect stationary in

time, taken to hold simultaneously and over all space and time.

The equations of motion for a momentum conserving defect at x = 0 are given
in eqs.(2.2.34)-(2.2.39) and these equations with ¢t <+ x and D — —D, that is
the equations of motion for a momentum conserving defect at ¢ = 0, are given in
eqs.(2.3.41)-(2.3.46). Taking this set of twelve equations to hold simultaneously and
over all time and space we move to light cone coordinates v+ = %(ti:ﬁ) (denoting 0,
as 0+). Removing any repeated equations and rearranging the remaining equations

to simplify them gives

p + Ayt =;Dq§1> (2.4.1)
W2~ = 2D (2.4
gl =— ;ngl) (2.4.3)

¢ =~ ;nga (2.4.4)

1(2_) :;Dm@ (2.4.5)

it Z;qu@ (2.4.6)

iv = — 2Wi5Dy, (2.4.7)

&iw = —2Wi; D, (2.4.8)

Cross-differentiating these equations and using the dependencies of D and D given
in eqs.(2.2.31),(2.2.32) and the fact that D and D must obey the momentum conser-
vation condition in eq.(2.2.33) we can easily see that these give the bulk equations
of motion for vector fields p and ¢, and also some bulk equations of motion for what

were the auxiliary vector fields pu® and €.

So the systems of equations u; 4+ — ;2o + U(u) = 0 and v; 4 — v; 22 + V (v) = 0 where
w; = pi + ¢, v; = p; — ¢; have a Béacklund transformation given by eqs.(2.4.1)-(2.4.8)
if quantities D (p(l) + A¢W, p® — 12 ¢ §> and D (q(l), ¢, u®, §> can be found

which satisfy eq.(2.2.33). Here A can be any antisymmetric matrix, W is given by
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eq.(2.2.5), the bulk fields may be divided between p™®), ¢ and p®, ¢® in any way

(2

and the auxiliary fields may be divided between x(? and € in any way as long as p(!

2)

and ¢ are the same length, p®, ¢ and p® are the same length and ¢ contains

an even number of fields due to the form of the matrix W.



Chapter 3

Momentum conserving defects in

affine Toda field theory

3.1 Introduction

The ATFTs began life as a description of a one-dimensional lattice of particles
with nearest-neighbour interactions, which was shown to be integrable with soliton
solutions [Tod70]. The potential of this system contained terms of the form e*i—1~%
where u; is the position of particle i, and in [Bog76] these potential terms were
generalised to depend on the simple roots of any Lie algebra. In [Mik79] the Toda
lattice is taken to a two-dimensional field theory for the A, and Tzitzéica cases. All
ATFTs are given in [MOP81] and their conserved quantities are investigated. ATFTs
have been proven to be integrable [Wil81; OT83b; OT85]. The quantum ATFTs
have also been shown to be integrable [AFZ79; BCDS90; Dor91; BCDS91; Dor92],

although we will not discuss quantum ATFTs or defects here.

In appendix A we make a brief run through some properties of Lie algebras, their
representations and their roots and weights to establish notation and recap some

important properties which will be useful in this chapter and in chapter 4.
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An ATFT is described by the Lagrangian density

£ = luituz‘t - luzmuzx -U U= 22 inieﬂ(ai)juj (3.1.1)
PR R 5 =
where «; (i = 1,...,r) are the simple root vectors of a Lie algebra as given in

eqs.(A.0.18)-(A.0.26), n; (i = 1,...,7) are a set of integers characteristic of each
algebra as given in eqs.(A.0.27)-(A.0.35), ng = 1 and ag = — Y_; n;c; gives the
root which corresponds to the extra node on an affine Dynkin diagram as given in
eq.(A.0.36) [MOP81; OT83a; OT83b]. m is the mass constant, § is the coupling
constant and in the classical case we can rescale the field v and the variables ¢ and
x to set m = 3 = 1. The vector u = (uy,...,u,)T lies in the space spanned by the
simple root vectors and the fields {u;} are the projections of u onto the basis of this

vector space.

If the term containing the lowest weight root «q is not included in this potential
then we have the Toda field theories. However, these have no soliton solutions as
they are conformal and so are not (as) physically interesting. The Dynkin diagrams
given in eqs.(A.0.9)-(A.0.17) encode the inner products between the simple roots for
all semi-simple Lie algebras and the affine Dynkin diagrams, which include a node
corresponding to the lowest weight root, are given in eqgs.(A.0.37)-(A.0.45). Often
the affine diagram is distinguished from the non-affine diagram by the addition of a
tilde, however here we always take the capital letter to refer to the affine diagram.
While we are using the roots as encoded by the affine Dynkin diagrams we are still
using the non-affine, finite dimensional generators as defined by the commutation

relations in eqgs.(A.0.1)-(A.0.5).

Because the simple roots are defined only up to their inner products with other
simple roots the potential based on the set of roots {«;} and the potential based
on the set of roots {Q«;}, where @ is some orthogonal transformation, describe the
same ATFT. Because the kinetic part of the bulk Lagrangian is invariant under
orthogonal transformations of the fields the ATFTs based on the roots {«;} can be

obtained by taking u — Qu in the ATFT based on the roots {Qa;}. In a similar
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manner we can take the ATFT based on {ca;}, where ¢ is a constant, and, with
u — ¢ 'u and a rescaling of the coordinates t and x such that 9, , — ¢, ., return
to the ATFT based on the roots {a;}. Similar rescalings to these also allowed us to

set m=p=1.

This potential has multiple vacua occurring at 274 multiples of weights of the Lie
algebra the potential is based on, so if the field u is complex then we can have soliton
solutions to the ATFT equations of motion which interpolate between different vacua
as © — Foo. A soliton can be associated with a particular simple root depending
on which weights it interpolates between. Such soliton solutions have been found
for all ATFTs [Hol92; MM93; McG94a; Hal94] and will be discussed in more detail

in chapter 5.

The non-simply-laced Dynkin diagrams can be obtained by certain foldings of the
simply-laced diagrams. A folding is the identification of some simple roots with other
simple roots, with the roots which are identified with each other being related by
some symmetry of the Dynkin diagram. These same foldings can be applied to the
extended or affine Dynkin diagrams, with the lowest weight g root being identified
with itself. In terms of the simple roots folding can be thought of as a projection of
the simple roots onto a subspace of the root space. If one root has been identified
with another root in the folding then both roots will have the same projection. The
projected simple roots will be the simple roots of a different Lie algebra to the initial
one, and this new set of simple roots must contain fewer roots than the original
set of simple roots. These foldings can be used on the ATFT potentials based on
one set of simple roots to give an ATF'T potential based on a different set of simple
roots. When folding an ATFT we begin with an ATFT based on the roots {«;} and
containing the field u. Folding a Dynkin diagram would consist of identifying the
roots in {«;} with the roots in the smaller set, {&;}. To fold the ATFT we identify
components of the vector field v with components of the (smaller) vector field @ in
such a way that u.u — @.% (so that the kinetic part of the bulk Lagrangian remains

in the form in eq.(3.1.1)) and «;.u — &;.@. This folding of the vector fields can also



3.1. Introduction 43

be applied to the soliton solutions of the original theory to give soliton solutions of
the folded theory. For further information on the folding of ATFTs and how this

affects their soliton solutions see [OT83a; OT83b; PS96].

When considering a defect eq.(3.1.1) describes the field theory to the left of the
defect and eq.(3.1.1) with the vector u replaced by v describes the field theory to
the right. Recall that the components of the vectors v and v appear in the vectors
u™ and vV respectively if they do not couple to the auxiliary field x(?, and in the
vectors u? and v® if they do couple to u®. We choose to call the vector space in
which u(!) (and v™) live the 1-space and the vector space in which u® (and v® and
1) live the 2-space. The vectors u") and v can be thought of as the projections
of u and v onto the 1-space and u® and v® as the projections of u and v onto the
2-space. The 1-space and 2-space are orthogonal and sum to the vector space in
which the vectors u and v live, that is, the space spanned by the simple root vectors.

1)

i

Therefore we can have «

)

as the projection of a simple root «; onto the 1-space

and 041(2 as the projection onto the 2-space.

In this chapter we will first provide some background in the form of previous calcula-
tions carried out for defects in ATFTs. We show the results from [BCZ04a], [CZ09a]
and [Rob14b], which proved that ATFTs can support momentum conserving type
I defects if and only if they are based on the simple roots of A,, that the type II
defects are momentum conserving for the previously excluded Tzitzéica model, and
that it is possible to “squeeze” together two type I defects and carry out a folding
procedure to obtain a momentum conserving type II defect in a theory not based
on the simple roots of A,. Work similar to the momentum conservation calculation
given in section 2.2 was carried out in each of these papers for the less general (type
I, type II with a scalar field or folded type II) defects investigated therein. Rather
than reproducing the calculations as given in these papers we make use of the more

general result found here.

At the start of section 3.3 we give the form which a momentum conserving type

IT defect in any ATFT must take, then give a detailed analysis of the possible
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momentum conserving defects in the D, ATFT in section 3.3.1. By considering
the form of this D, defect we are then able to provide examples of momentum
conserving type II defects in the A,, B,, C, and D, ATFTs in sections 3.3.2-3.3.5.
These examples were published in [BB17]. Finally we discuss possible reasons why
we have not yet been able to find momentum conserving defects in the ATFTs based

on the exceptional Lie algebras in sections 3.3.6-3.3.8.

3.2 Previous results

3.2.1 Defects in A, ATFTs

The purely transmitting classical defects investigated here were first introduced in
[BCZ04b], where a momentum conserving type I sine-Gordon defect was found. The
sinh-Gordon (or sine-Gordon if the field u is taken to be imaginary rather than real)

potential is
U=e"+e" (3.2.1)

and similarly for v. From our work in chapter 2 we see that for a type I sine-
Gordon defect the 1-space is 1-dimensional, the 2-space does not exist, there is no
¢ field and A = 0 (as it is an antisymmetric scalar). Taking these restrictions and

eqs.(2.2.26),(2.2.33) gives the momentum conserving defect potential

LP =uv, — D — D (3.2.2)
where D(p) and D(q) (with p = L(u+v) and ¢ = L(u — v)) must satisfy
2 (ep+q +e Pl — P — e_p+q) =D,D,. (3.2.3)

This is obviously satisfied by

D =20 (ep + e_p) D ! (eq + e_q> (3.2.4)
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where ¢ is an arbitrary constant defect parameter.

We will now consider a momentum conserving type I defect with any number of auxili-
ary fields, following the calculations made in [BCZ04a]. Again from egs.(2.2.26),(2.2.33)
with no 2-space and the bulk potential given in eq.(3.1.1) we have that the defect

potential must be

1 1 —
£D :§uiAl-juj,t + iv’iAijvj,t + u; (1 — A)Zj Vit — D—-D (325)

where A is any antisymmetric matrix and D (p + Aq) and D (¢) must satisfy

QZnie(ai)jpj (e(ai)ﬂj _ 6—(%‘)1%‘) =D,.D,,. (3.2.6)
i=0

Since only D is dependent on the field p we can immediately see that D and D must

take the form

D = Z xie(ai)j (Pj+Aijk) (3'2'7)
=0

D =Y y;elzka (3.2.8)
=0

where z; and y; are unknown constants and z; are unknown vectors. All z; are
different, as if two different z; were equal then the repeated exponentials could
simply be absorbed into the definition of ;. Substituting these into eq.(3.2.6) and
then equating coefficients of exponentials of p we have the momentum conservation

condition as
on; (e(ai)ka _ e-(%)m}m) — inyj (ai)k(Zj)ke((zj)k+(ai)lAlk)Qk i=0,...,r. (3.2.9)
=0

There are no repeated exponentials on either side, therefore every term on the
right hand side must have exactly one equal term on the left hand side. To ensure
every term on the left hand side has at least one equal term on the right hand
side we take the sets {z;} and {Z}, with 2} = a; + Aa; € {2} (j =0,...,7) and
Z; = —aj+ Aoy € {Z:} (j=0,...,7), and take the z; in eq.(3.2.9) to run over both

of these sets. All elements within the same set are different (by the invertibility
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of (1 + A)) but there may be overlap between the sets which introduces repeated

exponentials.

All z; are different. Therefore for each value of ¢ there will be, on the right hand side
of eq.(3.2.9), a term with z/, a term with Z; and then all other terms going to zero.
So z;.a; = 0 when z; # 2/, Z;, and z;.a; # 0 when z; = 2/, Z; to ensure each term on
the left hand side of eq.(3.2.9) has an equal on the right hand side. If a particular z;
only appears in {z;} then z;.a; =0 Vi # j and z;.a; # 0. For j # 0 we therefore
require z;.a9 = 0, but this sets either z;.a; = 0 or zj.;; # 0 for some 7 # j. For
j = 0 we have zg.a; =0 Vi # 0, but then by the definition of cy we cannot have
Zp.ap # 0. So no z; can only appear in the set {z; }. Either by the same argument,
or by the fact that {z},} and {2} contain the same number of elements, we then see
that no z; can only appear in the set {Z;}. All z; must appear in both {z;} and

{Z} and the two sets overlap completely.

We have two distinct choices, either to set z; = a; + Aa; or z; = —a; + Acyj. We first
tackle the z; = o; + Aa; case. The momentum conservation condition in eq.(3.2.9)
becomes
2N, (e(ai)qu _ e*(ai)qu) =3 2y (ai)i(L + A) (o )el@astemanidna
JF#i
+ 2y ()i (o) pel@waE i=0,...,7

(3.2.10)

For every a; there must be exactly one «; such that the expression —o; = a; — A(o; —
;) holds, so every simple root and the lowest weight root must be related to one
other simple or lowest weight root by the expression (—1 + A)a; = (1 + A)a,. This
ensures that every term on the left hand side of eq.(3.2.10) has one matching term on
the right hand side. It is evident that we cannot have (—1+A)a; = (14+A)a,. Taking
dot products with simple roots we have a;.(1 + A)a; = a;.(—1+ A)a; = —|oy|* and
aj.(-14 A)a; = a;.(-1 — A)aj = a;.(1+ Aoy = |oy)?, and so |oy| = |ay| Vi, J.

The ATFT supporting the defect must be based on a simply laced Lie algebra.
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Now consider the terms in eq.(3.2.10) which must vanish. We must have ay.2; =0
except when k = 4, j, where the i is such that (-1 + A)a; = (1 + A)ay. So z; is
orthogonal to all but two of the simple roots and the lowest weight root. Recalling
that the fundamental weights are defined by o;.w; = 6;; (4,5 = 1,...,r) and span
the root space we will choose to write z; in terms of the weights rather than the
roots. For i, j # 0 and (=14 A)a; = (14 A)e; taking z; = c;w; +d;w;, where ¢; and
d; are unknown, ensures ay.z; = 0 for k # 1, j is satisfied. 2y must be orthogonal to
all simple roots except for «; such that (—1+A)a; = (14 A)ag, so we take zy = c;w;.
The z; such that (—1+ A)ag = (1 + A)q; is also orthogonal to all but one simple
root, so we take z; = d;w;. If we define wy = 0 then we can set z; = c;w; + d;w;

where (—1+ A)a; = (1 4+ A)a;.

Taking this together with our original definition z; = a;; + Aa; we consider the inner
products of z; with the roots. Take a; to be such that (=14 A)a; = (1+ A)cy;, then
;.zj = . (1+ Aoy = (-1 + A)ay; = —|oy|? and ;.25 = ¢agw; + djow; = ¢,
2

o . o . . 2 . o
giving ¢; = —|oy|*. From a;.z; = a;.(1+4A)a; = |o;]* and o.2; = ;0. wi+djo.w; =

d; we have d; = |a;]?, giving z; = |a;]*(w; — w;).

Finally take z; = |a;]*(w; —w;) = (14+A)a; and z;, = |oy|*(wp—w;) = (1+A)ay with
(—1+A); = (14+A)aj and (—1+A)a; = (14 A)ay. These give z;— 2z = o[> (—w;+
2w; —wy) and z; — 2z, = (L+ A)a; — (L+ Aoy, = (1 + A)ay; — (=1 + A)a; = 2ay,

so a; = 1l
j 2

(—w; + 2w; — wy,). Recalling the definition of the fundamental weights
this means that every simple root is non-orthogonal with a maximum of two other
simple roots, and so each node on the Dynkin diagram is connected to a maximum
of two other nodes. Looking at the Dynkin diagrams we immediately see that out of
the simple laced algebras this restricts us to A,. A nearly identical calculation can
be carried out for z; = —a; + Aa; which reaches the same conclusion. For the A,

simple roots «; is non-orthogonal to a;_; and a1, so we may set either i = j — 1

and k =7+ 1ori=j+1and k=7 — 1, taking all subscripts to be mod r.

With this information we can now write down D and D which satisfy eq.(3.2.6). We

set ;| = /2 and have a;.a; = —1 for j =i — 1,7 + 1 with a;.a;; = 0 otherwise.
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There are two distinct cases, one where the roots are related by (=1 4+ A)a; =
(1+A)a,y1 Vi and another where they are related by (—=1+A)a; = (1+A)a;—y  Vi.
These transformations move round the affine Dynkin diagram in opposite directions.
So we just need to find a matrix A which satisfies one of these relations and set the
constants z;, y; to some suitable value. The calculation for z; = —a; + Aa; gives

the same two possible cases.

As in [CZ09b] we define the matrix

B = Z Wa (W — Way1)" (3.2.11)
a=1
which gives
Ba; = i We (W, — wa+1)Tozj =w; — w;_q (3.2.12)
a=1
BTa; = zr:(wa — War1 )WL = Wi — Wiy (3.2.13)
a=1

for j = 0,...,r and with a taken to be mod r. Then taking A =1 — 2B (which
can be checked to be antisymmetric) ensures (1 + A)a; = (—1 + A)ayy is satisfied,

or alternatively taking A =1 — 2B ensures (1 + A)a; = (=1 + A)a;_; is satisfied.

For A =1 — 2B the momentum conserving defect Lagrangian is

1 1 _
ﬁD :§UZ(1 — QB)ijuj,t + 5’02(1 — QB)Z‘]"U]‘J + 2uiBZ-jvj7t —-D—-D (3214)

with
D =Y el (prta—2Bsa) (3.2.15)
=0
D — Z y;e2(0)s Bikax (3.2.16)
1=0

and the momentum conservation condition in eq.(3.2.6) is satisfied if we set z; = o,

y; = o~ ! where o is the arbitrary, constant defect parameter.

For A =1 — 2B” the momentum conserving defect Lagrangian is

1 1 B
,CD :iu,(l - QBT)ijUj,t + 5"01(1 — 2BT)Z'jUj7t + 2UiB£Uj7t —-D—-D (3217)
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with
D =3 gyeles (pita—28]0) (3.2.18)
1=0
D=%" yie2(ai)ijTk‘1k (3.2.19)
1=0

where again x; = o, y; = o~ L.

The orthogonal transformation v — Qu, v — Qv where @) is an orthogonal matrix
such that QT BQ = BT (so QT AQ = —A) moves from the first case for an ATFT
based on the roots {;} to the second case for an ATFT based on the roots {Q” a;}.
We have not included here the proof that the set of roots for the two bulk ATFTs

must be the same.

The transmission of solitons through these defects has been investigated in [BCZ04a;
CZ07; CZ09b| and it was found that the solitons are delayed but otherwise unchanged,
with the delay dependent on the defect parameter o and the rapidity of the incoming
soliton. One point to note about these soliton transmissions is that the same soliton
will have different delays when travelling through the two different defects, and that
the delay of the soliton associated with «; when travelling through the A =1 — 2B
defect is the same as that of the a,.;_; soliton passing through the A = 1 — 2B7T
defect and vice versa. We do not give the calculations for the transmission of solitons
through type I defects in this thesis, but the method used to find the type I defect
delays is employed in chapter 5 when investigating the transmission of solitons

through a defect in the Dy, ATFT.

3.2.2 Defects in the Tzitzéica model

That these defects only appeared in A, ATFTs suggests there is something funda-
mental missing. In [CZ09a] an extra degree of freedom was introduced by writing
down a defect Lagrangian for a scalar bulk field and one extra field confined to the

defect. The Lagrangian for such a defect will have no 1-space and a scalar 2-space,
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so from the work in section 2.2 and eq.(2.2.26) it will be
L2 =wv, + 2 (uy — v;) — D — D. (3.2.20)
The Tzitzéica potential is eq.(3.1.1) with
oy = — 2 o =1 ng =1 n, =2 (3.2.21)

and is evidently not covered by the previous case as the roots are of different lengths.
For a defect in this theory D(p — p,q) and D(q, ) must satisfy the momentum

conservation condition
20720+ | 4epta _ 90720 _4eP=1 =D D, — D, D,. (3.2.22)

Because only D is dependent on p and the right hand side must be overall independent

of p we can write

D =x(q)e P2 4 11(q)eP (3.2.23)

D =yo(q)e " + y1(q)e". (3.2.24)

Unfortunately the form of the right hand side of eq.(3.2.22) means that taking the
same approach as in the type I case, putting all the fields into exponentials and then
identifying terms which must be zero, would be significantly more difficult. This is
due to the existence of cancellations between terms on the right hand side which
did not appear in the type I case. Instead we will write down a set of differential

equations for z(; and yy1 to be solved.

At the end of section 2.2 we noted that the redefinition © — p + f(q) of the
auxiliary field, where f is any function, does not change the kinetic part of the defect
Lagrangian and so can be used to give a family of D and D satisfying the same
momentum conservation condition. In order to simplify the differential equations to
be solved we will use the field redefinition p — u — %ln x1 to set 1 = 1. The other
coefficients are currently arbitrary, so can be redefined to include this. Substituting

eqs.(3.2.23),(3.2.24) into eq.(3.2.22) and equating exponentials of p and u gives a set
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of four differential equations which are solved by

T :%(eq + e ) Yo =c

1 =1 y1 =4(e? +e7) (3.2.25)

where ¢ is a constant. We now have a specific solution,

1

D :2—(6‘1 + e79)2e T2 4 o h (3.2.26)
c

D =ce " + 4(e? 4 e Vet (3.2.27)

We can choose to take pp — p + %lnc and multiply D by ¢3 and D by ¢~5. This
removes all instances of the constant c¢. To introduce as much freedom as is possible
we then make the field redefinition © — 1+ f(q) and multiply D by the arbitrary

constant o and D by o', giving

D

1
(2(6‘1 + e79)2e2 T2 4 e_fep_“) (3.2.28)

g
_
D==
g

<6_2fe_2” + 4(e? + e_q)efe“) (3.2.29)
as the solutions to eq.(3.2.22).

There is also some freedom to redefine the external fields. We can shift « or v by an
integer multiple 2m¢ without affecting the bulk Lagrangians or the kinetic part of
the defect Lagrangian. Taking u — u + 2min, v — v + 2wim (so p — p + wi(n + m),

q — q+ mi(n —m)) gives the defect potential

1
D =0 (3¢ (e + e+ 2)e i (—1)rimefern ) (3.2.30)

o

_

D =— (e’Qfe*Q“ +4(=1)"mel (et + e’q)e“) : (3.2.31)
o

But we can also immediately take the redefinition p — p+mi(n+m) to return to the
D and D given in eqs.(3.2.28),(3.2.29), and since the freedom to shift the external
fields corresponds to a shift in the auxiliary fields the entire family of momentum
conserving defects satisfying the momentum conservation condition in eq.(3.2.22)

have a potential given by eqs.(3.2.28),(3.2.29).
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The interactions of solitons with this defect were investigated in [CZ09a], and a
similar situation to the A, ATFT case was found, with the defect able to delay or

absorb solitons and change their topological charge.

3.2.3 Folding defects

In [Rob14b; Robl4a; Rob15] this idea of additional degrees of freedom at the defect,
and the folding of Ay ATFT Bécklund transformations to give the Tzitzéica defect
equations plus the extra equations required for a Backlund transformation, gave rise

to some generalisation of the type II defects.

An A, ATFT can support multiple defects while remaining momentum conserving.
For two defects at different positions there will be (in addition to u ad v to the
left and right of both defects respectively) some bulk field which is only defined
between the two defects. The position of the defects does not affect their momentum
conservation, so we can then take the position of both defects to x = 0. What was
the bulk field between the two defects is now confined to the point x = 0, and should

play the same role as the extra degree of freedom at the defect introduced in [CZ09a].

To take these defects to some new defects not in an A, ATFT we then change the
bulk theory by folding. This will extend the type II case introduced in [CZ09a] to
a defect with more than one component in the bulk vector fields. Of the Dynkin
diagrams given in egs.(A.0.38)-(A.0.45) the only one which can be obtained by a
folding of the A, Dynkin diagram is C'.. The possible foldings of Dynkin diagrams
and ATFTs are discussed in [OT83a; PS96]. This means that the only new defect we
can find with this method will be a C,. ATFT defect. This folding involves identifying

the simple root «; with «,11_; and the g root with itself. When Aj is folded to Cs
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the Dynkin diagram undergoes the folding

(%] (%]

(€51 as

Qi Qi (3.2.32)

There are other possible foldings of A,., but we will not discuss the Dynkin diagrams

and ATFTs which these give rise to.

We have already given a brief explanation of folding in the bulk. To fold a (type
I) defect we take the identifications of components of v and v with components
of @ and ¥ which folded the bulk ATFTs and apply them to the fields appearing
in the defect Lagrangian. When it comes to folding defects there is an additional
consideration-the transmission of solitons. When we fold an ATFT the solitons also
undergo a folding, with solitons associated to roots which are identified with each
other being folded to the soliton associated with the resultant single node on the
folded Dynkin diagram. Therefore if during the folding two roots are to be identified
with each other then the solitons associated with them must have the same overall
delay when passing through the defect(s). This ensures that the resultant folded
soliton can actually be transmitted through the folded defect. In section 3.2.1 we
saw that, for the two species of defect in eqgs.(3.2.14),(3.2.17), the soliton associated
with «; passing through one defect had the same delay as the soliton associated
with o, 1_; passing through the other defect. Taking one defect of each species with
the same defect parameter will ensure that the overall delays of the a; and a1

solitons are the same after passing through both defects.

We will, as a small example, follow [Rob14b] and fold defects in an A3 ATFT to a
defect in a Cy ATFT. We identify oy with a3, as shown in eq.(3.2.32). To fold the
ATFT we need some identification @ = u such that ag.0 = ag.u, &1.0 = @3.7% = .1

and o4 = as.u, where {&;} are the Az simple roots and {a;} are the Cy simple



3.2. Previous results 54

roots. Taking the bulk ATFT given by the Lagrangian in eq.(3.1.1) and the Aj roots

as given in eq.(A.0.18) and making the identifications

Us Uy = — Uy (3.2.33)

€
V2
gives the folded ATFT Lagrangian

1 1
u) —\/iu *(UI—U2) \/iu
£ =5 (gt + Uz ting = U gl — Unpling) — €7V — 263 — eV,

(3.2.34)
This Cy ATFT potential is based on the simple roots given in eq.(A.0.20) scaled by
1
7

Now that we have the bulk folding we can consider the defect folding. Consider a
system containing a defect at © = x; described by eqs.(3.2.14),(3.2.15),(3.2.16) with
field @ to the left of the defect and field fi to the right, then a defect at x = x5 > a3
described by eqs.(3.2.17),(3.2.18),(3.2.19) with field i to the left of the defect and
field ¥ to the right. The defect parameter ¢ is the same for both defects. Fields @, f
and ¢ all obey the bulk equations of motion for the A3 ATFT. This set-up ensures
that the solitons associated with the a; and as simple roots in Az have the same
delay after passing through both defects, as they will need to act as a single Cs
soliton associated with oy after folding. We then take x; o — 0, giving a system with

the same form we investigated in chapter 2 (in eq.(2.1.1)) with defect Lagrangian

1. . 1. . _ . .
£D :§UZ (1 — 2B)zg Ujt + §Ui (1 — 28T>ij Vit — 2#135(16],15 — Uj,t)
— Dy — Dy — Dy — Ds,. (3.2.35)
The field i is now confined to x = 0 so has no bulk equations of motion. The defect
potential terms D; and D; are given by eqs.(3.2.15),(3.2.16) with u = @ and v = /i

(so p = (@ +fi), ¢ = 3(@ — f1)) and Dy and D, are given by eqgs.(3.2.18),(3.2.19)

with u = jiand v =17 (so p=3(i +0), ¢ = (2 — 7).

The matrix B is given by eq.(3.2.11) and the fundamental weights for A3 given in
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eq.(A.0.46) and is

| —
—_
w
I
w
|
—_

(3.2.36)

-3 -1 1 3

This would appear to disagree with B being defined as %(1 — A) where A is antisym-
metric. However, the root space of Az is three dimensional, and for the simple roots
we are using is the space orthogonal to (1111 )T. The action of B on this space can

be checked to be the action of the identity matrix plus some antisymmetric matrix.

Carrying out the folding of the bulk fields given in eq.(3.2.33) on @ and v for the

defect Lagrangian in eq.(3.2.35) gives

1

1
=——f1 (— (U1t — V1) — 3 (ugy — v + ——=fa (U1 —vig) — (U — v
2\/5/“( ( Lt Lt) ( 2,t 2,t)) zﬂuz(( Lt Lt) ( 2,t 2,t))

D

1 1
i —v14) + 3 (g — v2y)) + — i — o) — (g —
Nk (w1 — 1) + 3 (uge — vay)) N (w1, —v16) — (ugs — vay))
— Dy — Dy — Dy — Ds. (3.2.37)

To put this into the standard form found in the previous section we set the auxiliary

fields as

1
iy =V2 (—p1 — pig + ptz) + —= (ug + v +ug + v
fin (—p1 = p2 + p13) 2\/5(1 1+ U + 02)

1
o =V 2 — 39 + + —— (—uy — vy + 3uy + 3v
H2 \/_(/M M2 /M) 2\/5( 1 1 2 2)
iz =V/2y13

fla =V'2 (23 — p1a) (3.2.38)

This also removes the p3 and py auxiliary fields from the kinetic part of the Lag-

rangian.

The effect of these field redefinitions on the defect potential is to set

D, =0 <€\}§(—2p1—q1+2u1) + 6%(2P1+q1—2#1—2p2+4uz+2u3—2#4)
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i e%@pz—&-qz—?uz) + 6\}5(_‘72_2“2_2”3""2“4)) (3239)

Dy =0 <€\}§(—2P1+¢I1+2#1) + 6%(2171—Q1—2#1—2p2+4#2+2u3—2#4)

4 e%(2p27q272u2) € e\}i(Q22H22H3+2“4)) (3240)
D, 1 (6;5(—%—2;11) 1 eva (P2 tpr—aa—dpu2=2p3+2ua)
g
i 6%((]24_2#2) + 6\}5(P1+Q1—P2+2#2+2H3_2ﬂ4)) (3.2.41)
DQ :l (6\}5(%2#1) + 6%(*P1+2H1+p2+q274“272“3+2“4)
g
+ e%(—qz-&-?;&) + e\}i(Pl—Q1_P2+2N2+2“3_2M4)> . (3242)

Because fields ji3 4 no longer appear in the kinetic part of the defect Lagrangian their
equations of motion are F,, = 0 and F},, = 0 where F' = D; + D, + D, + D,. This

sets
1 1 1 -3 1 1 3
e\/i(NS*lM) :eﬁ(—p1+H1+P2—3#2) (e\@fh + e—ﬁth) 2 <e\/5Q2 + 6_\/5(]2> 2 ’ (3'2'43)
and substituting this back in to the defect potential gives
D :a< (eVlEgl + e_Vlﬁq1> eV2(=pitm)

1 1
1 _ 1 2 1 _ 1 2 1 —po—
+9 (6\/5(11 +e \/§q1) (6\@!12 +e \/§q2) 6\/5(171 p2—p1+p2)

I <€\}§q2 4 6\}5(12) 6\/5(172—#2)) (3-2‘44)
pL( (et ) e
g

1 1
49 <e\}§(h 4 6_\}5(11)2 (e\}ng i e_\}ﬁqQ)Z e%(m—m)
+ (e«li‘” + e«%‘”) eﬂm). (3.2.45)

This can be checked to satisfy the momentum conservation condition in eq.(2.2.33).

To obtain the defect potential for a Co ATFT based on the simple roots given in
eq.(A.0.20), rather than these roots scaled by %, a scaling of the fields is all that
is required. Taking the above defect potential and scaling all fields by /2 will give

a defect potential which satisfies the momentum conservation condition for ATFT
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potentials based on the simple roots of Cy as given in eq.(A.0.20).

3.3 Defects in ATFTs

When considering the general defect found in chapter 2 with a particular potential
the fact that we carried out rotations on the external fields in order to simplify the
defect Lagrangian becomes relevant. Fortunately, rotations of the fields in the bulk
do not fundamentally change the bulk Lagrangian and potential given in eq.(3.1.1).
For the calculations here we want to be able to take {«;} to be fixed to certain,
reasonably simple vectors. Over the course of the calculations in section 2.2 the
external fields have undergone the transformations u — Qu and v — Q'v, where )
and Q' are orthogonal and arbitrary. The sets of simple roots {Q7;} and {Q7a;}
have the same Dynkin diagram as {«;}. If we choose to begin with the bulk potentials
from eq.(3.1.1) dependent on {Q7«;} for U and {Q"«;} for V then after u and v
have undergone their field redefinitions both U and V will be dependent on {«;}.
Because the root space splits into the 1-space and 2-space we will need to choose an
orthonormal basis for the simple roots which also provides orthonormal bases for the
1-space and 2-space. We have not been able to find a systematic way of determining

either the splitting of the root space or the choice of basis.

By considering the exponentials of the field p in the momentum conservation condi-
tion in eq.(2.2.33) when we use the potentials U and V' as given in eq.(3.1.1), and
the dependencies of D and D in eqs.(2.2.31),(2.2.32), we see that they must take

the form

) o (o ) (577)

D=0 ui(g?,€) e (3.3.1)
1=0

p-t Z”: yi (4, 4,¢) e~ (@)Y AzaN (@) u® (3.3.2)
9 =0

where ¢ is a constant and x; and y; are functions yet to be determined. Because

every term contains a simple (or lowest weight) root we can talk about terms being
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associated with a particular root or Dynkin diagram node. Mainly due to the
aforementioned difficulty with determining how the root space should be split there
is no obvious systematic way of ensuring that D and D satisfy the momentum
conservation condition in eq.(2.2.33) for a particular set of simple roots. Instead we

have used trial and error to find momentum conserving defects for some ATFTs.

Using egs.(3.3.1),(3.3.2) in the momentum conservation condition and equating

powers of p we have
2m; (el — em(@enr) — Xr% <$i(ai)kyj,qk + zays(ca)) A(og);” + $i7q£2>(04j)1(<2)yj
=
—4Ii,ngkl?Jj,5l>e(ai_"‘f)l(vl)A’“ql(l)_(a"_"‘f)i(f)“’“ (3.3.3)
for i =0,...,r as the momentum conservation conditions.

In order to solve the momentum conservation conditions we must now move to
specific cases and use the simple roots as given in appendix A. All of the following
results require making a particular choice for the 1-space and 2-space splitting. This
splitting was simply found by guesswork for the D, case, and the defect was then
found by explicitly solving the coupled differential equations in eq.(3.3.3) for x; and
y;. The subsequent cases used the form of the D, defect to inform the choices made

for the splitting and the functions z; and y;.

3.3.1 D, defect

For the D, ATFT potential we use the simple roots from eq.(A.0.21), the lowest
weight root from eq.(A.0.36) and the n; values from eq.(A.0.30) in the potential
given in eq.(3.1.1). In [BB17] it was found that taking the 1-space to have the basis
(e1,e4) and the 2-space to have the basis (eq, e3), giving two auxiliary fields py and
i3, and taking A = 0 and no £ fields gave a defect which, with the correct choice of
potential, was momentum conserving. The full set of momentum conserving defect

potentials was found in [Bril7]. With these choices of 1-space and 2-space the defect
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Lagrangian in eq.(2.2.26) becomes

cP =U1V1 4 + UgVsy + UgV3y + UaVay + 2000 (Uny — Vo) + 23 (usy — vge) — D — D
(3.3.4)

where D(P17P2—M27p3—,u3>p4>Q2,CI3) and D(Q17Q2>QS,Q4,M27M3) (With pi = %(UH-%‘),

¢ = 3(u; — v;)) must satisfy

2(U - V) :DmDm + qubuz - Duquz + Dquu - Duqu?s + DP4D<14‘ (3-3'5)

3

From eqs.(3.3.1),(3.3.2) we expect D and D to be

D= U(%(Qm q3)e P TP gy (qo, q3) P PR 4 g (qa, g3 )€ TPETHETHY

+ x3(q2, g3)€™ P + za(go, Q3)€p3+p4_“3> (3.3.6)
1

D = ; (yO(QM q2, 43, Q4)6_M2 —+ Y1 (q17 g2, q3, q4)e_ﬂ2 + ?JQ(Q1, G, g3, q4)e”2—ﬂ3

+ (a1, 42, 43, 41)€™ + ya(1, 42, 43, 44)e™ ) (3.3.7)

where x; and y; are unknown functions. As some terms in D have the same exponen-
tials of ;1 we can redefine some of these currently arbitrary functions as y; — y1 — yo
and y3 — y3 — ys4 to set yo = 0 and y, = 0. We can also use the field redefinitions

p2 = p2 — (J* Inzo(g3, ¢3)dgs),,, and pz — pz — (J* Inzo(gs, g3)dgs),,, to set zo = 1.

The rest of the x; and y; can simply be redefined to include this extra function.

Using these choices in eq.(3.3.3) and equating powers of s 3 we find a set of differen-
tial equations which z; and y; must satisfy as a momentum conservation condition.

There are two distinct solutions,

ro =1

T, =1 Y = (efh + 67(11) (e(I2 + e*qz)

72 =29(gs) (" +¢7) y2 =g(as) " (e )

i _ig(q?’)_l (qu + e_qs) Y3 =cg(qs) (€q4 + 6_q4)

Ty zlg(q;;)_1 (eq3 + e_q3) (3.3.8)

C
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and

o =1

r=—1 = (e —e™) (e —e®)

Ty = — 2g(gs) (€™ — ¢ ®) yo =g(as) " (% —e7®)

T3 = — ig(q:a)‘l (e —e7®) ys =cg(as) (e — ™)

" —ig(qg)l (e — ) (3.3.9)

where the constant ¢ and function ¢(g3) are free (and may be different in each
case). When used to write down D and D from egs.(3.3.6),(3.3.7) these will give

two separate possibilities for the momentum conserving defect potential.

We can use our freedom to carry out field redefinitions to remove the constant
¢ and function g in both cases. For the first solution taking pus — po — %ln c,
[y — i3 — %lnc and ¢ — ¢30 removes (or absorbs into the definition of p(® and
o) the constant ¢ and taking ps — o, s — ps — Ing(gs) removes the function
9(qs3). Reintroducing all possible freedom available from auxiliary field redefinitions

by taking o — 2 + f(q2,G3)gps 113 — f13+ f(q2,G3)gs (Where f may be any function)

we now have, from the first set of solutions, the defect potential

Dt =& (eﬁm (epl + e*ﬁl) e Prthz | 2¢ faat+fa3 (eq2 + e*f}z) eP2—P3—p2tus

+ e fas (eq3 + e*q‘"’) (e”‘l + e’p‘*) ep3“3> (3.3.10)
D+ :l (6—fq2 (eQI + e—ql) <€Q2 + e—qz) eH2 4 efor—fas (eqs + e_q3) oh2—hs
o
+ efas (e‘“ + e_‘“) e“3>. (3.3.11)

The + superscripts will differentiate this from the defect potential arising from the
second set of solutions, and refer to the fact that terms of the form (e?+e~?) appear

here.

For the second solution taking ps — s — éln c, 3 — i3 — %111 c, 0 — ¢io and

ps — i3 — In g(gs) again removes the constant ¢ and function g(gs). Reintroducing
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all possible freedom available from auxiliary field redefinitions by taking p, —

po + f(q2,03)qs 3 — 3 + (G2, q3)qs (Where f may be any function) we now have,

from the second set of solutions, the defect potential

D —0o <6qu <€p1 B 6—p1> e P2tz 9p—faytfa (eqz _ 6—q2) eP2—P3—p2+13

+ e fas (e% _ €—q3) (61?4 _ 6—1?4) €p3—u3> (3‘3‘12)
D~ :i< — e Ja (em _ e—q1> (6q2 _ e—qz) e H2 efaa—Ffas (6% _ 6—113) ehz—Hs
+efis (7 — e e“3>. (3.3.13)

The — superscripts here refer to the fact that terms of the form (e? — e~?) appear.

There is still the freedom to carry out field redefinitions on the bulk fields. The bulk
fields may be shifted by any 277 multiple of a weight of D, without affecting the
bulk Lagrangians. If v and v have the same shift then p is also shifted by a 24
multiple of a weight, and as exponentials of p in D all appear in the form e®? they
remain unchanged. ¢ would remain completely unchanged. So as in the Tzitzéica
case it is the relative shift between u and v which is important. We will consider

shifts of v proportional to the fundamental weights given in eqs.(A.0.47).

Acting on the defect potential given by D*, DT in eqs.(3.3.10),(3.3.11) with v —
v + 2miw;, where w; is one of the fundamental weights given in eq.(A.0.47), and also
performing the shift u3 — p3+ i on the auxiliary fields and the redefinition 0 — —o
gives D, D*. The freedom from this external field redefinition is equivalent to the
freedom we already have to redefine the auxiliary fields and the defect parameter,
and does not give a defect potential that is materially different. Carrying out an

identical set of redefinitions on D™, D~ returns to D~, D~ also.

Acting on Dt, D with v — v + 271w, immediately returns D, DT, and likewise

acting on D~, D~ with v — v + 2miw, immediately returns D~, D~.

Acting on D, D* with v — v + 2miw; and p3 — pz — 5 gives D=, D™, so the two

defect potentials, while not linked by any redefinitions of the auxiliary fields, are
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linked by a shift of the bulk fields. Using the same shift and set of redefinitions on
D~, D~ returns DT, DT,
Finally acting on DT, Dt with v — v+ 2miwy, the shifts g — p1o +7i, p13 — pi3 — z

and the redefinition ¢ — —o gives D~, D~. Unsurprisingly the same set of field

redefinitions take D~, D~ to DT, D*.

A shift of a 277 multiple of fundamental weights w; » has no effect on either defect
potential beyond utilising the freedom to make auxiliary field redefinitions which is
already encapsulated by the presence of the arbitrary function f in the potentials.
A shift which is a 27¢ multiple of fundamental weights ws 4 links the two distinct

defect potentials.

The choice for the 1-space and 2-space splitting and these corresponding momentum
conserving defect potentials can be used to give Backlund transformations for the

D, ATFT as discussed in section 2.4.

3.3.2 D, defect

For this ATFT and the ATFTs in the following subsections we will not attempt to
find all possible momentum conserving potentials for a particular defect. Instead we
will use the 1-space and 2-space splitting for the D, case and the form of the defect
potential in eqs.(3.3.10),(3.3.11) to inform us as to the likely splittings and defect

potentials for other momentum conserving defects.

For the D, ATFT potential we use the simple roots from eq.(A.0.21), the lowest
weight root from eq.(A.0.36) and the n; values from eq.(A.0.30) in the potential
given in eq.(3.1.1). In the D, defect the bulk fields which lived in the 2-space were
those which appeared in the term in the bulk potential associated with the central
node on the Dynkin diagram. To move from D, to D, we assume that the fields
appearing in the terms of the bulk potential associated with the central chain of
nodes on the Dynkin diagram will be the fields in the 2-space, so we take the basis

of the 1-space to be (ey,e,) and the basis of the 2-space to be (eg,...,e.—1). We
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also have A = 0 and no ¢ fields [BB17]. With these choices the defect Lagrangian in

eq.(2.2.26) becomes
r—1
LP =U1VU1 ¢ + UpUpp + Z (wivip + 24 (wip — Vi) — D — D. (3.3.14)
i=1
We can assume that the terms appearing in D and D of the D, defect given
in eqs.(3.3.10),(3.3.11) which are associated with the central (or outer) nodes of
the Dynkin diagram will have the same form as the terms appearing in D and
D of the D, defect which are associated with the central chain of nodes (or the
outer nodes). This gives a possible choice which ensures D(p1,ps — o, .., pro1 —

L1, Prs @2y - - Qr—1) and D(qy, ..., Gy, fo, - . ., fle—1) satisfy the momentum conserva-

tion condition in eq.(2.2.33),

r—2
= - —p2t i —qi i —Pit1—Hit i
D 0‘((6P1+€p1)6p2 M2+2i222<6q +eq)€p Dit1— it it
o) (s o sa

D :l ((eth + e—q1) (eqz + e—q2) e M2 4 7§ (eqz‘+1 + €—Qi+1) eHi—H i+

g i=2
+ (e ) e‘”‘l) . (3.3.16)

As for the D, defect it is possible to use redefinitions of the y; fields and shifts of the
external fields to give different defect potentials satisfying the same momentum con-
servation condition. It may be that there are also some other defect potentials which

are momentum conserving but not linked to this potential by any field redefinitions.

3.3.3 A, defect

For the A, ATFT potential we use the simple roots from eq.(A.0.18), the lowest
weight root from eq.(A.0.36) and the n; values from eq.(A.0.27) in the potential
given in eq.(3.1.1). The bulk fields in the A, ATFT have the additional constraint
Sithu; = 0, Y04 v, = 0. Because the Dynkin diagram of A, (and so the terms

appearing in the bulk potential) looks like the central chain of nodes in the D,
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diagram and ATFT we will take all the fields to be projections onto the 2-space.
There will be r auxiliary fields which satisfy the constraint Z:ill w; = 0. We also
have A = 0 and no ¢ fields [BB17]. With these choices the defect Lagrangian in
eq.(2.2.26) becomes
r+1 _
ED = Z (uivi,t + 2/% (ui,t — Ui,t)) —D—D. (3317)
i=1
All terms in D and D are taken to be of a similar form to those associated with the
central chain of nodes in egs.(3.3.15),(3.3.16), giving
D =co (i (661:' + e_q") ePiTPit 1~ it i1 4 (GQT+1 + e—lIr+1) €Pr+1—p1—ur+1+m> (3.3.18)
i=1

D :l <i (eqz'+1 + e—qz'+1) eHi—Hit1 | (e(ﬂ + e—ql> eﬂr+1_“1> . (3.3.19)

7 \i=1
This is the same as the defect given by squeezing two A, defects together [CZ09a;
Rob14b]. Once again it is possible to use redefinitions of the y; fields and shifts
of the external fields to give different defect potentials, and it may be that there
are other defect potentials which are momentum conserving but not linked to this

potential by any field redefinitions.

3.3.4 B, defect

For the B, ATFT potential we use the simple roots from eq.(A.0.19), the lowest
weight root from eq.(A.0.36) and the n; values from eq.(A.0.28) in the potential
given in eq.(3.1.1). The Dynkin diagram for B, has two nodes, ay and «;, which
look like the same nodes in D,., with the rest of the diagram is similar to the central
chain of D,. So we will take the fields in the terms of the bulk potential associated
with this central chain part to be the projections onto the 2-space. This gives the
basis of the 1-space to be (e1) and the basis of the 2-space to be (es, ..., e,). With
A =0 and no ¢ fields this gives (from eq.(2.2.26)) the defect Lagrangian

ED =U1V1 4 + Z (’U/ﬂ)i’t -+ 2,LL1 (ui,t — U@t)) — D — D (3320)

=2



3.3. Defects in ATFTs 65

Once again we look at the form of the terms in eqgs.(3.3.15),(3.3.16) to guess the
form of D and D. Taking

D =o ((ep1 + e*pl) e P2t

i=1

+ 2§ (elh' + 67%) ePiPir1—HitRiL 4 9 (eqr 4 e*%‘) eprur) (3.3.21)
D L <(e‘“ + e““) (e‘” + e_q2> e+ S (6%1 + 6_q1-+1) el it em) (3.3.22)
g i=1

satisfies the momentum conservation condition in eq.(2.2.33). This is a new mo-
mentum conserving defect. Once again it is possible to use field redefinitions to give
different defect potentials, and it may be that there are other defect potentials which

are momentum conserving but not linked to this potential by any field redefinitions.

3.3.5 (), defect

For the C, ATFT potential we use the simple roots from eq.(A.0.20), the lowest
weight root from eq.(A.0.36) and the n; values from eq.(A.0.29) in the potential
given in eq.(3.1.1). The Dynkin diagram for C, had two nodes, o and «,, which
look like the «, node in B, and the rest of the diagram is similar to the central
chain of D, or B,. So we will take there to be no 1-space and the entire root space
to be the 2-space, as the field appearing in the «, bulk potential term in B, was a
projection onto the 2-space. With A = 0 and no ¢ fields this gives (from eq.(2.2.26))

the defect Lagrangian

LP =" (wvig + 2p; (wiy — viy)) — D = D. (3.3.23)

=1

Considering the form of the terms in egs.(3.3.21),(3.3.22) we choose to take

1 2
D —o (2 (6611 + €—q1) e 2p1+2m

i=1

n—1
+92 Z <6q1'+1 + e_qi“) ePi—Pi+1—Hit hit1 + ;er”_QM") (3‘3‘24)
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D ot (6—2u1 + 275 (@‘li + e_q") el (eq” + e_q”)2 62“"> ; (3.3.25)

g i=1
which satisfies the momentum conservation condition in eq.(2.2.33). For C, this
momentum conserving defect is the same as that found in section 3.2 (up to a
redefinition of the p; and po auxiliary fields), following the method in [Rob14b],
by squeezing together As type I defects and then carrying out a folding procedure.
Once again it is possible to use field redefinitions to give different defect potentials,
and it may be that there are other defect potentials which are momentum conserving

but not linked to this potential by any field redefinitions.

3.3.6 E, defect

Some attempts have been made to find a defect for one of the E series ATFTs, with
the focus on Ejg as the simplest of the three. However, so far no progress has been
made. As we are simply using trial and error there is little useful to say here. In all
attempts we have used no £ fields, as the presence of these significantly complicates

the differential equations which z; and y; must satisfy.

In section 4.2 an observation about a likely constraint on the splitting of the root
space into the 1-space and 2-space is made. Every simple and lowest weight root

(1)

must either have a; ’ = 0 or some other root a; must exist such that (1 + A)agl) =
(—1+ A)agl) and 0%(2) = a§2). While this constraint was not proved to be necessary
for a defect to have an infinite number of conserved quantities it does hold for the
1-space and 2-space splittings found so far. Satisfying this may require rotating the
simple roots as given in eq.s(A.0.22),(A.0.36) so that a; = (agl), aZ@)), that is, the

1-space and 2-space each have a basis given by some of the standard orthonormal
basis vectors e;.

From this we have tried to choose the 1-space and 2-space in such a way that
()@ = (1)@ = (a5)?, (a2)? = (ag)® = (a5)?, (a3) = 0, and the matrix
A can be found such that (ap)®, (a1)®, (a5)® and (az)V, (ag)V, (ag)?) are

correctly related. This has not yet been possible.
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We have also tried choose the 1-space in such a way that (ag)® = (ag)®@, (a;)® =
(2)@) (ag)® = (a5)?, (a3)M=0 and then as A = 0 (ap)V = —(ag)® and

()M = —(a)™ and (ay)® = —(a;). This has also not yet been possible.

3.3.7 Fj, defect

The Fy ATFT can be found by folding the Eg ATFT, so it is unlikely that any
progress will be made here before the Eg defect has been found. Some attempts have
been made with A = 0 and no ¢ fields, but no useful information has been gleaned. If
the F} defect were found before the Fjg defect it may be that the connection between

the two ATFTs would give hints as to the form of the Eg defect.

3.3.8 G5 defect

The G5 ATFT is given by a folding of the Dy ATFT, and so as the D, defects are
now known we would expect to be able to apply the folding procedure from section
3.2 and [Rob14b| to obtain a momentum conserving G5 defect. This has not yet

been achieved.



Chapter 4

Conserved quantities of defects in

affine Toda field theory

4.1 Introduction

The study of integrability of systems is a large and important area in mathematical
physics. Here we work with classical 1 + 1 dimensional field theories, and define
these as Liouville integrable if it can be shown that there are an infinite number
of conserved quantities which are independent and in Poisson involution. In the
classical case the existence of a Lax pair satisfying the zero curvature condition
implies the existence of an infinite number of conserved quantities. The existence of
an r-matrix satisfying the classical Yang-Baxter equation ensures that the conserved

quantities are independent and in Poisson involution [Lax68; Sem83; FT86].

For the systems containing defects investigated in the previous chapters there is
some evidence that they are likely integrable (namely that they give a Backlund
transformation and admit soliton solutions) [BCZ04b; BCZ04a; CZ09b; CZ09al. An
infinite number of conserved quantities have been generated for the type I defects
[BCZ04b; BCZ04a; CZ07; Caul8; CZ09b] and a type II defect in the Tzitzéica

model is shown to have an infinite number of conserved quantities in [AAGZ11].
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However, the discontinuity at the defect makes it difficult to move from the Lag-
rangian description we have used so far to the Hamiltonian description required to
find an r-matrix satisfying the classical Yang-Baxter equation, and so prove that
the charges are in involution. A Hamiltonian set-up in which the Lax and r-matrix
equations are immediately assumed to be satisfied by some matrix associated with
the defect is investigated in [AD12a; AD12b; Doil5; Doil6] for defects in the non-
linear Schrodinger and sine-Gordon equations. While these defects are integrable
they do not necessarily describe the same systems as the momentum conserving
defects found in the Lagrangian set-up. Some attempt to reconcile this Hamiltonian
approach and the Lagrangian approach to defects is made in [Caulb; CK15] for
the nonlinear Schrédinger equation and sine-Gordon cases. The type I and type II
Lagrangians are rewritten as Hamiltonians with second class constraints in [CZ09a).
Some information on quantum integrability in field theories is given in [ZZ79; Dor91;

Dor92] and the quantum integrability of defects is investigated in [CZ11; CZ10].

Here we follow [BCZ04a] by considering whether the system with a defect has a zero
curvature representation, and so an infinite number of conserved quantities, but not
whether these conserved quantities are in Poisson involution. We will first give a
brief introduction to the Lax pair, the zero curvature condition and how this is used

to generate an infinite number of conserved quantities.

The Lax pair is a pair of matrices ao(t,z, ) and a;(¢,z, A) such that for a vector

field W(t, x)
dv(t,z)
5 = ao(t, z, \)¥(t, x) (4.1.1)
CM’(EI;”“") =t @, Nt ) (4.1.2)

where ) is the spectral parameter. Using f(q+dq) = f(¢)+3qf(q), and e’ = 1+5qf
we have
W(t + 6t,2) =(1 — Stag(t, z, \))U(t,z) = e 02N (¢ 1) (4.1.3)

U(t,x + 0x) =(1 — dzay (t,z,\)U(t, x) = e 22N (¢ 1), (4.1.4)
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These infinitesimal translations of ¥ may then be used to build any path, giving the

transport matrices

t
_ft12 dt’ao(t',z,\)

U(ty, z,\) =Pe U(ty, z, \) (4.1.5)

— frz dz’aq (t,2",\)
zy

U(t, z9,\) =Pe U(t, z1, ) (4.1.6)

where P denotes path ordering. The transport matrices themselves are also solutions

to egs.(4.1.1),(4.1.2) respectively.

If we can show that the transport of U along two infinitesimally different paths with
the same endpoint is path independent then we can use this to build up any paths
between the same two endpoints and have the transport of ¥ be path independent,

so have a system with a zero curvature representation.

~ [
U(t+ 0t,7) f—r U(t + 6t,x + 0x)
e fao e fao
U(t, z) U(t,x + o0x)
e (4.1.7)

From this picture we see that for path independence we require

Pe- ftt+5t dt/ao(t/71+6x,)\)P6, f:’ﬂiw A’ a1 (t,z' \)

t+45t

—Pe™ f;Jréz dz’aq (t+6t,2" \) Pe™ ft dt’ap(t',z,\)

(1 — dtap(t,x + oz, A\))(1 — dzay(t,x, N)) =(1 — dxay(t + 5, x, \))(1 — dtae(t, z, \)),
(4.1.8)

and expanding this equation gives the zero curvature condition

A1t — Ao,z + [Clo, al} =0. (419)

This must be satisfied by the Lax pair if we are to generate an infinite number of
conserved quantities. It is the same as the condition found if the overdetermined

system of equations in eqs.(4.1.1),(4.1.2) is required to be consistent. The gauge
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transformation

ag — Qg = —GtG_l + GaoG_l (4110)

ay = = -GG+ Ga, G (4.1.11)

leaves the zero curvature condition unchanged.

The system in the bulk is some field u which is governed by an equation of motion.
If a pair of matrices which are dependent on u and the spectral parameter \ satisfy
eq.(4.1.9) if and only if u satisfies the equations of motion of the system then we have
a Lax pair of the system. To generate the infinite number of conserved quantities

we need the monodromy matrix
T(t,\) =Pe J— d/mta' ), (4.1.12)

The conserved quantities generated by the monodromy matrix will then be dependent
on u, and so will be conserved quantities of the specific system. The time translation

matrices at x — oo are

- f:f dt'ag (', £00,\)

Si<t2, tl, )\) =Pe (4113)
and provided that ag satisfies
ao(t, 00, \) =Qag(t, —o0, \)Q ", (4.1.14)

where @ is some constant matrix we can use eM = 3% %M " to show that the time

translation matrices at x — 400 satisfy

— "2 4t an(t 0o
S+(t27 tl, )\) =Pe ftl dt’ag(t',00,))
:PeQ(a) (_ f:12 dt'ao (t/,—oo)\)) Q(a)~?
> 1 to , ) n 3
=2 —Qla) (—/ dt'ag(t', _OO’/\)> 0(a)
—on! "
Z 2 gt an(t —oco
:Q(@)Pe ffl dt’ao(t', ’)‘)Q(&)fl

=Q(a)S_(tz, 11, \)Q(a) ™. (4.1.15)
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We can now consider transport from (1, —o0) to (2, 00) along two different paths.

T
le(tQa _OO) qj(tg,OO)
S_ Sy
U(ty, — Ut
(t1, —o0) T (t1,00) (4.1.16)
Because we have zero curvature this gives the relation
T(tz, )\)S, (tg, tl, )\) :SJr (tg, tl, )\)T(tl, )\)
T (b2, A)S_(ta, t1, A) =QS_(t2, 1, \)Q ' T'(t1, A)
QT (ta, N) =S_(ta, t1, Q' T(t1, \)S_(t2, 11, \) ! (4.1.17)

and by taking the trace of this and using the cyclicity of the trace we have

tr (Q 7T (t2, V) =tr (Q'T(t1, ) . (4.1.18)

Therefore the trace of the matrix Q~'T(¢, \) is time independent. T is an exponential
of a matrix containing A, so can be expanded infinitely in A\, and as zero curvature
must hold for any value of A all of the coefficients of A must be independently
conserved. This gives an infinite number of conserved quantities associated with the

system whose Lax pair is ag, a;.

For an ATFT the Lax pair is

1 1 1
ayg == ( 7 < \/ nz‘al‘«BEal'u <)\Eaz )\
| : 1
= < H+ —Z\/_nl\al\m * (M, + 3 - a)> (4.1.20)

"B )) (4.1.19)

[MOP81] where H are the Cartan generators and E,, is the generator associated
with the root ;. These matrices obey the relations given in eqs.(A.0.1)-(A.0.5). The
«a; are the simple and lowest weight roots given in eqs.(A.0.18)-(A.0.26),(A.0.36) and
the marks n; are given in eqs.(A.0.27)-(A.0.35). Using these matrices in eq.(4.1.9)

we can check that it is satisfied provided that the equations of motion of the ATFT
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(given by the Lagrangian density in eq.(3.1.1)) are satisfied. This matrix ag can be
checked to satisfy eq.(4.1.14) for Q = e™("-—"+)}-# where the field u takes values of

2miwg as © — +oo and w4 are weights of the Lie algebra.

When investigating defects we follow [BCZ04b; BCZ04a; CZ09b], only considering
whether the system posesses a zero curvature representation (and so the existence
of an infinite number of conserved quantities), not the existence of an r-matrix. The
defects are always taken to appear in integrable theories, so the bulk fields theories
have a zero curvature representation and we only need to consider curvature across
the defect. We take there to be a time dependent matrix which acts to move from
the left of the defect to the right of the defect without changing position. This
calculation of the defect zero curvature condition is not specific to defects in ATFTs,

but can be applied to a defect in any integrable theory.

Consider an integrable theory in the region x < 0 with the Lax pair ag (¢, x), ay (¢, x)
satisfying the zero curvature condition in eq.(4.1.9), an integrable theory in the
region z > 0 with the Lax pair ag (t, ), a7 (¢, z) also satisfying eq.(4.1.9) and with
a defect at © = 0. The matrices ag (¢, ), a5 (t,z) depend on the field u and ag (t, ),
a7 (t,z) depend on the field v. We consider the transport of the vector ¥ in the

region of the defect.

U v
K
W(t + 6t,0) W(t + 6t, 0)
e_fag e fa(?
w(t.0) ——= o)
(4.1.21)

The defect transport matrix K introduced here depends on both the u and v fields
evaluated at = 0 and on any auxiliary fields which are confined to the defect. For

zero curvature this gives

t+6t

t+6t ’ / ’
K(t+6t)Pe i a5 W0 —pe= [ d'ag (2.0) e (), (4.1.22)
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Expanding this in 6t we have
Ki=Kaj —ag K (4.1.23)

evaluated at * = 0. An extremely similar calculation which gave the same zero
curvature condition for the defect was carried out in [BCZ04a]. The bulk zero
curvature condition in eq.(4.1.9) is satisfied if and only if the bulk equations of
motion are satisfied, and this extra defect zero curvature condition must be satisfied
if and only if the defect equations are satisfied. Note that eq.(4.1.23) is equivalent
to K being a gauge transformation between the operators d; + a5 and J; + ag, with
Oy +a5 = K10+ ag)K. Carrying out a gauge transform of G on a5 and G’ on ag
(as given in eq.(4.1.10)) along with the gauge transformation K — K’ = G'’KG™!

leaves this defect zero curvature condition unchanged.

In this chapter we first use the general defect in an ATFT given by the Lagrangian
in eq.(2.2.26) and the defect potential in egs.(3.3.1),(3.3.2) to make some comments
on how the defect zero curvature condition in eq.(4.1.23) may be satisfied. We
then explicitly calculate K for the Tzitzéica and D, defects, proving that these two
systems have an infinite number of conserved quantities. The defect matrix for the

Tzitzéica model has been found previously in [AAGZ11].

4.2 Zero curvature for momentum conserving

defects in ATFTs

Using the ATFT a¢ matrix given in eq.(4.1.19) and taking it to depend on u = p+g¢
to give a5 and v = p — ¢ to give ag the zero curvature condition on the defect
becomes

2Ky =pja [ K, Hj] + qjo{ K, H;}

1 r 1 1 1
+ =" Vni|a|ez@iipi ()\ e2 @i KE, — e 2@itE, K
NP> ( )
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1 Lia Lo
_ X( 2( Z)]qJKE o — € 2( ’L)JqJE K)) (421)

where square brackets indicate a commutator and curly brackets an anticommutator

(not a Poisson bracket).

We will begin by taking the defect to be of the general form given in eq.(2.2.26),
which has defect equations given in eqs.(2.2.34)-(2.2.39), where D and D must have
the dependencies given in eqs.(2.2.31),(2.2.32) and satisfy the additional momentum
conservation condition in eq.(2.2.33). Using eqs.(2.2.34)-(2.2.37) to remove all z

derivatives from eq.(4.2.1) gives

1) _ 9q) 1 1z (1)
2K, = (p]t Ak = 5D, 2qu> K, HY]
(2) (2 _ 1 1 (2)
+ (p]t = 245t — qu](z) — §D (2>> [K H; }
1 1 1 2 1 2
+ (—q](,t) - 2Dp§1>) {K, H"} + (—qj(',t) - 2D,,§2>) {K, H}"}
+ 1 zr: \/n_i|ai|@%(oci)m ()\ (e%(ai)jqﬂ'KEa. — e—%(ai)j%‘E&_K)
\/§ = i i

( %(al)JqJKE — g_é(o‘i)qu'E_a_K)> . (422)

> =

Every Cartan generator is associated with one of the orthonormal basis vectors of
the root space, so H®") denotes the Cartan generators which are associated with the
orthonormal basis vectors which form a basis of the 1-space and H® denotes the
Cartan generators associated with the orthonormal basis vectors of the 2-space. The

t derivatives on the right hand side can be removed by applying the transformation

1 R 1 1 2 2
K— 6_%(p]+qJ)H +qMW AL H >+u( 'H K 3(pj— qj)Hj—fJ§ ) A Hy )—“5- >HJ(' : (4.2.3)

to give

4K, + Dy {K, H;} + (Dy, + D)) |K, Hj]

=2 Z Vilail ()\e I S T oM

_ i\e—(ai)§1)A,jkq,gl)+(ai)§2)u§2) (e(az‘)j%‘ RE?,} — e (@i)ig E,a,f() > (4.2.4)
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If K is dependent on a field then the term K, introduces a ¢ derivative of that field,
which will not appear anywhere else in eq.(4.2.4). For the fields ¢» and ¢ we can
remove the ¢ derivative using eq.(2.2.38) and eq.(2.2.39) respectively. For the fields
pM, qM, p@ and @ the t derivative cannot be removed (except by the introduction
of an x derivative, which returns us to the previous step in our calculation) so K
cannot be dependent on these fields. The same argument can be used to show that
K cannot depend on the derivatives of fields as well. With K only dependent on ¢
and € we have K, = K (2>q” + K¢y, and using this and eqs.(2.2.38),(2.2.39) the

zero curvature condition becomes
K (D, + Do) — 4K Wij(De, + De,) + Dy {K, H;} + (D, + Dy) |K, H;|
_ \/_Z \/E'az ()\6 a;)jpj+(a;) ( VA, kq(l) (a )(2) (2) [K) Eai}

. ;\6 (041)(1>A q(1)+( )(2) (2) ( ()95 KE 6—(ai)jqu_aiK) > (425)

To progress further we now need a specific form for the defect potential. In section
3.3 we stated that for a defect in an ATFT to be momentum conserving D and D
must be of the form given in eqs.(3.3.1),(3.3.2). Using this in the zero curvature

condition we have

a AN O PR ¢ 2,2 . N
o elendipitlen); gy = (o) )< - xz<041)( )K @ + Axi e, Wik Ke,
=0

+ xi(ai)(l)Ajk [R’ H,ﬂ T [K H( )} + () {K, Hj}>
¥
1 i)V Azpg” @), A
+= ;] Ze 5 Ak @D (g ag) PR S0 4 Wik K,
1 > 1 >

- yz(&z)g )Ajk [K,Hlﬁ )} t Yig, |:K7Hj:| )

= ﬁzr: Vil il (Ae(ai)jpfr(ai)“))jAjkq;(:)—(Oéi)f)“g?) [f(, Ea}
=0
_ ie (@) A51q (D ()P (e(ai)ijKE_ai _ e*(ai)j(IjE_aiK) > (4.2.6)

Equating exponents of p splits this into r + 2 equations,

\/5\/H_Z|Oézlp [[A(, Eai} = — xi(ai)g,?)[%qf) -+ 4xi,£jokR§k
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+ iEi(ai)g'l)Ajk [IA(,H,EU] +z, @ [K’ H'Z)}

J

+ (), { K Hy} (4.2.7)
fori=0,...,r and
_ \/§Z \/n_i|ai|6—(0&');1)Ajkqlil)+(ai)§2)#;2) (e(ai)jqj [A(E_a; _ e—(oci)jqj E—a,- [A()
i=0
r s (1) e @ (2) (_2) N “
= p3 e @ e+ Vi (_ o) Ay [ D] + g, [R )

=0

+ yi(ai)§‘2)Kq(2) + 4y, ijf(&k) (4.2.8)

where we have set p = A\o~!. We cannot split eq.(4.2.8) by equating exponentials of

1) as two different roots a; and a; may have the same projection onto the 2-space.

Multiplying K by a constant does not affect the zero curvature condition in eq.(4.1.23),
so we can always take the highest power of p appearing in K to be zero. Therefore

we can always expand K in p as

K=Y p°k,. (4.2.9)
s=0

The kg are matrices, and any of them may be zero. We do not know if this expansion
terminates. We will assume that, like the bulk Lax pair, this defect matrix will
consist of generators of the Lie algebra. More specifically, since it appears as part
of the monodromy matrix, we would expect to be able to write it as an exponential
or combination of exponentials of the generators. Expanding such an exponential in
terms of p (which should appear in the exponent by comparison with the bulk mono-
dromy matrix) we therefore expect that the matrices ks will be some combination

of generator matrices.

Substituting this expansion into the zero curvature relations in eqs.(4.2.7),(4.2.8)

and equating powers of p gives a set of recursion relations,

Vaviilo ke, Ba] = = 2i(a)k, o + 4206 Wiksg,
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+ (o) A ke, HYY | + 7, (o, H?| + i) j{ka, Hy}
(4.2.10)
fort=0,...,r and
. ﬂzr: \/Tl_i‘Oéi‘6_(ai)§'l>’4jqu<cl)+(ai)§2)ﬂg2) (e(ai)jqj kE_, — e*(ai)jq‘j E,a,k3>
i=0
" N 4 D@ (2)
e Ze_(az)j Ajqu; +(Oéz)j 'U‘j (— yl(al)gl)A]k |:ks+1, H]gl):| + yi7qj [k‘s+1, HJ]

=0

+ yi(ai)§2)ks+17q§2) + 4yi,§j I/ijks+1,§k) . (4211)

We can now attempt to solve these relations, which would ensure zero curvature
across any momentum conserving defect of the form given in eq.(2.2.26) in an ATFT.

Beginning with s = —1 we have
0 =V2y/nilov] [ko, Ea,] (4.2.12)
fort=0,...,r and
0= Zr: 6_(ai)§l)Ajkq’il)ﬂai)f)“?)( - yi(ai)§1)Ajk [7{0, H}gn} + Yig, ko, Hj]

=0

+ yl(al)f)ko q(g) + 4yi75]. Vij:kO,fk> . (4213)
95

If ky is to commute with all simple root generators and the lowest weight root
generator then by Schur’s lemma it must be proportional to the identity matrix.
This ensures the first r + 1 equations are satisfied. We will take kg to be a scalar
multiple of the identity matrix (satisfying the final equation), and using the fact
that K may be multiplied by a constant without affecting the defect zero curvature
condition, set kg = 1. There may be some choices of ky, which are dependent on ¢
and ¢ and satisfy eq.(4.2.13), but it is certainly not obvious. No defects found thus
far have contained auxiliary fields which couple only to other auxiliary fields, and if
these is no ¢ field vector then for eq.(4.2.13) to be satisfied we must have kO,qu) =0

and so kg will always be a scalar multiple of the identity matrix.
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Now consider s = 0. The recurrence relations give
\/5\/71_1|041| [kl, Eai] :2xi(ai)jHj (4214)

fort=0,...,r and

(2)

_\/_Z \/n—l‘al|€ (0); Ajral! +(o¢1) I (e(ai)ﬂj _e*(ai)qu‘) E_ .
(@) A51g"+ ()
— .Ze ()5 Ay (o) (_ yi(a) D A [kl,H,g”} + Yig, k1, Hj)
+ yl(al)?)k’l q(.2) -+ 4yi,£j ijk17£k)7 (4215)
g

and we can immediately see that the first r + 1 equations in eq.(4.2.14) are satisfied

by

Z |04]|x]E_a] (4.2.16)

using the fact that a simple root plus the negative of a simple root is never a root
and that the highest (lowest) weight root plus any positive (negative) root cannot

be a root. The final equation, eq.(4.2.15), then becomes

22\/n_1|a |€ (O”)k Aqull)"—(az)@) ! (e(ai)qu — 6_(ai)qu) E_ai

_ ZZ —(@) Apagf @) i”(

ZO]O

2
yi<ai)l(<; )Ij,qg) + 4y e Wi je, + 59 g, (051
- xjyi(&i)](gl)Akl<04j)l(l)>Efaj (4.2.17)

where we have made use of eq.(A.0.1). Because the generators of the simple and
lowest weight roots are linearly independent we can equate the coefficients of these
matrices to give

oM, (e(ai)ka _ e*(ai)k%) — XT: elei— aJ)(I)Aqu Yo (aj—ai )(Q)N;(f)

J=0

(s (@i, oo + dyse Wi, + 2t (@) — 2iy; () Au()”) (4.2.18)

for i =0,...,r. But this is identical to the set of differential equations appearing in

eq.(3.3.3), which came from taking D and D to be of the form in eqs.(3.3.1),(3.3.2)
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then substituting these into the momentum conservation condition in eq.(2.2.33)
to give a set of differential equations which must be satisfied by x; and y; if the
defect is to be momentum conserving. We have not quite shown that momentum
conservation is necessary for a system with a defect to have zero curvature, as we
made the assumption that ky did not depend on &. We also have not shown that
momentum conservation is a sufficient condition as this would require the recursion
relations to be satisfied for all values of s. However, this highlights the link between
momentum conservation and integrability, and for all defects found in section 3.3

their momentum conservation is necessary if they are to be integrable.

These first two terms indicate some sort of pattern of grading, with the n** power
of p in the expansion of K containing the product (or rather a sum of products)
of n generators E_,, (i =0,...,7). From eq.(A.0.4) we see that the generators of
roots which are not simple or the lowest weight root can still be written as a sum
of products of the generators of simple or lowest weight roots. This also implies
some cyclicity, as by taking commutators of E_,, with E_,, (i =1,...,r) we can
eventually reach H. So the Cartan generators can be written as a sum of products
of 14+ 37, n; generators of negatives of simple roots and the generator associated
with the highest weight root. So (from eq.(A.0.1)) the generators E_,, (i =0,...,7)
can be written as a sum of products of 2+ 377, n,; such generators. So if this grading
pattern continues then the terms in the expansion in eq.(4.2.9) with p‘l_i_z’” are

a rewriting of the terms with p~.

By inspection of the s = 1 recursion relations it appears that the grading described
here will give the correct matrices from the commutators appearing in the recursion
relation. However, actually calculating k5 is too difficult, as we do not know anything
about the root structure of the underlying Lie algebra and so do not know the exact
form of the commutation relations for the generators. To actually calculate this

defect zero curvature matrix we will need to consider specific ATFTs.

However, there is still some useful information about defects in ATFTs to be gleaned

from these recursion relations if we consider what happens if the expansion for K
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terminates. Let us assume that for all s > n we have k; = 0. Then take s = n for

the recursion relations, giving

J

0=— xi(%’)@)kn «? -+ 41‘1'75], I/ijkn,fk
45

+ xz(ozl)gl)Ajk [kn, ngl)} -+ xi,qj(-2> {kn, HJ(Q)} + Q?i(Oéi)j{kn, Hj} (4219)
fort=0,...,r and
S Vilaylem @) a0 T (g B~ e E_ k) = 0. (4.2.20)
i=0

We will not solve these equations, but can use eq.(4.2.20) to get some information

on the form of defects with zero curvature.

For the right hand side of eq.(4.2.20) to be zero the terms appearing there must
either be equal to zero or proportional to another term, enabling cancellations to
occur. For a term to disappear k,, must annihilate E_,, or vice versa. However, to
know whether this happens and for which terms we need to know not just k, but also
what the underlying Lie algebra is and what representation we are using. We will
therefore assume that this is never the case, and so every term in eq.(4.2.20) is non-
zero. This assumption is acceptable as we are not trying to prove every defect with
zero curvature must take a particular form. Instead we are looking for constraints
which apply in certain cases which may be useful in finding momentum conserving
defects for the F series ATF'Ts, which were not covered by the trial-and-error method

used in section 3.3.

Every term in eq.(4.2.20) must cancel with at least one other term. First consider
a cancellation between terms k,F_,, and k,FE_,;. Because k, is only dependent on
¢? and ¢ any dependence on ¢(V) and p? appearing in these two terms must match.

From the exponentials appearing in these terms this requires

1) (1 1 1 2) (2 1) (1 1 1 2) (2
(@)’ = ()i Auar” + (@0 1 = (@) " = ()i Awal” + (a1

(4.2.21)

As we have noted before A being antisymmetric means that 1 + A has complex
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eigenvalues which are all non-zero, so is invertible. Therefore requiring eq.(4.2.21)
to hold gives o; = «;, so we cannot have a cancellation between two terms of the
form k,E_,,. Next consider a cancellation between terms F_,.k, and E_, k,. This

requires

1) (1 1 1 2) (2 1) (1 1 1 2) (2
(@0 = (@i Auat” + (@) = ()i = (@ Auar” + ()

(4.2.22)

which again immediately gives a; = o, and so no cancellations. So all cancellations
must be between a term of the form k,FE_,, and another term of the form E_, k,.

This requires every root a; to have another root a; for which it satisfies

1 1 1 1 2 2 1 1 1 1 2 2
(@) gt — (@) Apg” + ()21 = —(a)a) — () Angl” + (o) i,

(4.2.23)

If the assumptions we have made about the K series terminating and the k, matrix
not annihilating any F,, operators hold (and for the Tzitzéica and D4 defect matrices
we find in the following sections they do hold) then we have some fairly restrictive
constraints on the projections of the roots onto the 1-space and 2-space. Either the
root, «;; must have (Oéi)(l) = 0, in which case the k,E,, term is able to cancel with
E,,k,, or there must be some other root o; with (1 + A)Ozl(l) =(-1+ A)oz§~1) and

(2)

(op)

= 043(2). By their projections onto the 2-space we should be able to find sets of

roots whose projections onto the 1-space are linked.

For the A, ATFTs found in [BCZ04a] there is no 2-space and these constraints give
the relations between simple roots which were required for a type I defect to be
momentum conserving. For the Tzitzéica defect in section 3.2.2 and the momentum
conserving defects in A, and C, ATFTs found in section 3.3 there was no 1-space, so
all roots have (a;)") = 0. For the B, defect also found in section 3.3 we can see that,
for the roots given in eqs.(A.0.19),(A.0.36), the choice of 1-space and 2-space made
in subsection 3.3.4 and A = 0, we have (ap)V = —(a;)V, (@)@ = (a1)® and

(o) = 0 for all other roots. For the D, defect found in section 3.3 with the roots
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given in eqs.(A.0.21),(A.0.36), the choice of 1-space and 2-space made in subsection
3.3.2 and A = 0 we have () = —(a;)®V, (ag)? = (a1))?, (p_1)V = —(a,)V),
(r-1)® = (a,)® and (a;)V = 0 for all other roots. Whilst we have not proved
anything definite the fact that the above constraints on the splitting of the root
space into the 1-space and 2-space hold for these known momentum conserving defect

certainly gives a possible direction for future calculations of Ejg defects.

We will now use these results to show that the momentum conserving Tzitzéica and

Dy defects found in sections 3.2.2 and 3.3.1 have a zero curvature representation.

4.2.1 Zero curvature for the Tzitzéica defect

The roots for Tzitzéica are given in eq.(3.2.21), the momentum conserving ATFT
defect based on these roots in eq.(3.2.20) and the momentum conserving defect poten-
tial in eqs.(3.2.28),(3.2.29). The defect zero curvature conditions in eqs.(4.2.7),(4.2.8)

then become

2V2p K, B, | =e¥(e" + 7 (K, — {K, H} + f, | K, H|)
+ e (el + e (e" — ) |K, H| (4.2.24)
2 |K, Eay| =e
pe ! (Ky+ fy K, H]) =V2 (e MKE_o, — €M E_o,K) (4.2.26)
2pe! ((e? + ) (K + f, |[K, H]) + (¢ — ) |[K, H| )

—_ <€qf(E—a1 _ e_qE_alff) , (4.2.27)

(=K, + {K,H} - £, |[K,H|)  (4225)

where eq.(4.2.8) has been split into two equations by equating powers of .

In order to solve eqs.(4.2.24)-(4.2.27) we will choose a representation, write down
the generator matrices explicitly, then solve the matrix equations entry by entry. For
notation we will take €}'; to denote an n x n matrix with zeroes everywhere except

position (i, j), where the entry is 1. Our chosen representation is

H = (‘3:1)’,1 - 6373) Eoy =¢34 Ea, =V?2 (@?72 + 63,3) (4.2.28)
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and we recall that E_, = EI.

«

Using Maple to solve eqs.(4.2.24)-(4.2.27) as described then gives

1= 25p%e® Jp 2efet(et +e71) —J5ple (el 4 e71)?

K= —dpled 1— Lep? Lp2efea(et ey | (4.2:29)
ip_2€_2f —%p‘le_f 1 — ﬁp—%—?q

This matrix fits into the proposed form of K as a finite series in p. The structure
of this matrix is identical to the Tzitzéica defect matrix found in [AAGZ11]. When
writing K as given in eq.(4.2.29) in terms of the expansion in p given in eq.(4.2.9)

one possible choice is

ko =1
1 2f —q\2 1 -f
kl = — —€ (eq +e q) E—Oco - 5@ E_al

V2

1 3 _ 1 _
o :2\/§€f(eq +e79) (quWOEial +e qualEfao) + ée 2fEme,a1
1
by == 2 7 (1 B0y E—oy Bay + Boy B—ayB—o, + ¢ P E_o, E_, E_,,) . (4.2.30)

This fits into the grading hypothesised in the previous chapter, with k, consisting
of products of s generators. Because K appears as part of the monodromy matrix
we would hope that K could be written as an exponential of generators, but so far
such a form of eq.(4.2.29) has not been found. This is due to difficulties with the
calculation (at least when carried out in Maple) and there is no proof that it is not

possible.

The defect transport matrix satisfying eq.(4.1.23) is given by

K = e swra 20l [ o3 (pma=20 (4.2.31)

One interesting observation is that there is some additional gauge freedom to that
already discussed for the bulk Lax pairs and the defect. Applying no transformations

to the bulk Lax pair we can take K — e9@H [{e=9(@H g4 K — BQ(Q)HKe_g(Q)H, to
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give
1— 4—\1/§p_362q %p—26f+geq(eq + e—q) _%p—le”*zg(eq + e_q)2
ip72672f72g _%pflefffg 1— 47\1/§p73€72q

This transformation obviously corresponds to making the field redefinition u —
p+9g(q), and so the defect matrix for defects with different definitions of the auxiliary
fields are linked by this gauge transformation. The transformed matrix will also
satisfy the zero curvature condition, but where before we had f in the defect equations

of motion we will now have f + g.

4.2.2 Zero curvature for the D, defect

The roots for D, are given in egs.(A.0.21),(A.0.36) and the momentum conserving
defect Lagrangian in eq.(3.3.4). The two possible momentum conserving defect
potentials are given in egs.(3.3.10),(3.3.11) and egs.(3.3.12),(3.3.13). Using the first

defect potential in eqs.(4.2.7),(4.2.8) gives

A

2p [K, Eop| =e’ (K,, — {K, H} — {K, Hy})

€7 frpgy [ K, Ho| + € fo,0, [K, Hy| (4.2.33)
20K, Ba,| =€’ (Ky, + {K, Hi} — {K, Hp})

tefuf, [ K, HQ} tefof, . [K Hg} (4.2.34)

V2p [K, B, =€ Jotfus (e 4+ e7®) (= Ky, + Ky, + {K, Hy} — {K, Hs})

+ eI (= foogy + fargy) (€7 +€72) + €% — ™) [K, H

eI (— fog + fau) (€7 + ™) [K Hy] (4.2.35)
2p K, Eay| =€ T (e% + %) (= Ky, + {K, Hs} — {K, Hy})

— e fog (e + e )[R, Hy|

e (— L€+ e®) e — 8 [K, Hy (4.2.36)

A

2p [K, Ea,| =€ T (e% + %) (= Ky, + {K, H} + {K, Hy})



4.2. Zero curvature for momentum conserving defects in ATFTs 86

+—e T f (e 4 e ®) [K, HQ}

+ e Ju (—fq3q3(eq3 +e B) et — e_q3> [[A(, Hg} (4.2.37)

-2 (e*q“qQ[?E,ao — eq1+q2E,a0f( + e KE , — e*qﬁqZE,alR')
= peJe ( — (e 4 e M) (e® + eTB)K,, + (e — e7T)(e® + ) [K, Hl}
+ (—fq2q2 (e +e M)(e” +e ®)+ (e + e 1) (e® — e’qQ)) {IA(, Hg}
~ Foras (€ + €M) (e® + %) [ K, Hy] ) (4.2.38)
—2V2 (eq2_Q3KE_a2 — €_q2+Q3E_a2K)
= pefe=is ((eq3 +e7%B) (f(qQ - qu) + (fooge — fangs) (€2 + €7 %) [f(, Hg}
+ (Fasas — Fasas) (€% + €7%) + €% — @) [K, Hy) ) (4.2.39)
-2 (eq3_q“f(E_a3 — e_Q3+Q4E_a3K + GQ3+Q4KE_Q4 — e_‘J3_q4E_a4f(>
= pelas ((eq4 + e_q‘*)f(% + froqs (€® +€7%) [K, Hg}

+ fapas (€% + %) [K, Hs| + (e — ™) [K, Hy] ) (4.2.40)

and using the second defect potential gives

A

2p |K, Eqp| =€’ (= Ky, + {K, Hi} + {K, H})

— €1 fgy [K Hy| — e f,0, K, Hy| (4.2.41)
2[R, o, | =el (K, + (K, Hi} = {K, I}

velnf, [ K, HQ] tefuf,. [ K, H3] (4.2.42)

V2p K, B,| = futtus (e — =) (K, — Ky, — {K, Hy} + {K, H;})

e 0 ((fragy = fang) (€ — €®) —e® — )[R 1|

eI (frg = Frsg) (€ — %) [K, Hy] (4.2.43)
2p [K, Eoy| =e T (e — ™) (K, — {K, Hs} + {K, Hy})

e fuf,  (eB —e®) [K Hg}

+ €79 (frygy (e — ™) —e® — %) [K Hy) (4.2.44)

A

2p [K, EQZJ —e fu (et — o7B) (—f(qS +{K,Hs} + {K, H4})
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— ¢ Jus faras (e® — ™) {f(’ HQ}

+ e Jau (—fq3q3(eq3 —e B)4eB + e_q3) [K, H3} (4.2.45)

-2 (e*‘“*qQ[A(E,aO — eq1+q2E,a0[A( + eql*‘DIA(E,a1 — e nte E,alf()
= pefu ((eql — M) (e — eTB)K,, — (eT 4 e N)(e® — %) [f(, Hl}
+ (fapa (€™ — e ™)(e” — e7®) — (e — e ) (e + e ) [ K, Hy
t Fosas (€ — M) (e — ™) |K, Hy) ) (4.2.46)
—2V2 (qu_qg’f(E_aQ - e_q2+q3E_a2f(>
= pele=is ((qu — e B) (f(q2 - qu) + (fooq — fangs) (€ —e™®B) [f(, Hg]
t ((fangs = Faras) (€7 — €7%) + % + 7% ) [K Hy] ) (4.2.47)
-2 (e%_‘“f(E_ag — e_Q3+q4E_a3K + eQ3+q4f(E_a4 — B_Q3_Q4E_Q4K)
= pels ((eq4 - e_q‘*)f(% + foqs (€® — ™) [K, Hg}

+ faqs (€ —e79) {f(, Hg} + (e 4+ e7%) [K, H4} ) (4.2.48)

where in both cases eq.(4.2.8) has been split into three equations by equating powers

of .

Again in order to solve these matrix equations we must choose a representation of

D,. Using the same notation as in the Tzitzéica case we take

_8 8 _.8 8 _8 8 _.8 8
Hy =€) —ey,  Hy=ez3—ey, Hy=e55—eq Hi=er;—egg (4.2.49)

_ 8 8 _ 8 8 _ 8 8 _ 8 8
Eoy =€i3+ €1y  Eoy=€35+ €54 Eoy =€57+egq FEoy =€55+ €74

Eoy =€53+ €}, (4.2.50)

Using this representation and the expansion of K in p given in eq.(4.2.9) we
solve the matrix equations (4.2.33)-(4.2.40) for the first defect potential, given by
eqgs.(3.3.10),(3.3.11), to give

ko =1

ki =— efa (Eiao + Eial) _ \/§e*fq2+f% (eqz + equ)E,QQ
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— e IB(eB 4 emB) (E_y, + E_y,)
by =€¥2 o, E_o, + V26! (P E_oy gy + ¢ P E_a,E_,)
+ V2655 (P B, By + € PE_0,E_a,)
+V2e a2 (92 4 o7 ®) (eq‘"’E,OQE,a3 + e’q3E,a3E,a2)
+V2e a2 (92 4 o7 ®) (eq‘"’E,O@E,a4 + e’q3E,a4E,a2)
+ e (e 4 e BV E_ F_,,
ks = — V252 (2B B0, B_ay + € "E_0, E_oyE_y,)
V2 (" P E_ By By + € P E_ o E_0,E_q,)
~V2("BE B 0, B o, + ¢ ® P E 0, B0, F_q,)
~V2("BE B 0, E oy + ¢ ® PE o E_0,F_q,)
V2 (BB B0, E o, + € ® P E 0, E_0,F_q,)
—V2e T (¢92 4 o) (B 4 o7B) (eq:“'E_OQE_agE_M + e_q:“'E_a?,E_ME_aQ)
ky =25 E_,E_ o E_q,E_o, +2¢ (e + e 22E_E_\.FE_o,E_,,
+ V265 (BB B 0 B 0yFgy+ ¢ PE o B a,E_oyE_y,)
+ V265 (B E_ B B0y Fg, + € P P E_ o, B a,E_o,E_y,)
+ V2 (e 4 e (e BE_ oo B gy EonyEooy + € ® P E_o,F_o,F_0,E_o,)
+ V2 (e 4 e (e BE_ g, B_gy B oy By + € ® " E_o,F_o,F_0,E_o,)
ks = — \/2efnJas (¢93 4 783 (eqﬁqu,aOE,alE,QQE,QSE,M +e 2 BE E_ o E_,E_ o E_,
— 2675 (P B_py B0y By o By + € P E_0, B0, B0y B0, E_o,)
— 2655 (€ E_0, B0y B0, B-ay E—ay + € P E_0,E_0, B0, E—0, E_a, )
— 27 (e” + ¢7%) (P E_ay B0, Bay B0, By + € " E_0,B_o,E_0,B_o, E_o,)
—2e7 I (e” 4 ¢7%) (P E_oy B0y Boy B0y By + € P E_0,B_oE_0,F_o, E_o,)
ke =2¢*2E_E_ o E_o,E_o,E_o,E_,
+2ePE (B (B 0,E 0, F_oyF_a,
+20*BE_ E_ 0B o E_o,B_o,E_q,

4207 B o B o, E_oyE_o,F_q,
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4 2E 0B, Foy B, By By
4 2E 0 B0, Foy B, Fo,Fa,
4 2E 0B, Fay By By Fa,

+ 2B 0, B0, B0y B0, E—0,E_a,). (4.2.51)

Solving eqs.(4.2.41)-(4.2.48) for the second defect potential, given by egs.(3.3.12),(3.3.13),

we have

ko =1
ki =efe (E_o, — E_o,) + V2 Tetfas (g2 — e~ E_
e BB — e7B) (E_y, — E_y,)
by = — € E_oB_a, + V26/5 (" E_o E gy — ¢ E_0,E_o,)
—V2e¥5 (P E_a, B oy — € PE_0,F_a,)
+ V2e fo (e — e ®) ((3‘13’E_OQJE_Q3 — e_q3E_a3E_a2)
—V2e (e — em®) (6‘13137],0[2}?,044 — e_QSE,ME,aQ)
— e Ha(eB — e BYVE  F,,
ks = — V25 (e B o B0, B o, — € P E_a,E_0,E_q,)
V2 (P BB B By + € P P E_o B0, F_q, )
V2 (" P E_ B B, + € P E o, E_0,E_q,)
V2 (" P E_ By By + € P E_ o E_0,E_q,)
+V2 (e BB B, By + e PP E o, E_0,F_q,)
—V2e T (¢ — o) (e — ¢7B) (eq3E_a2E_a3E_a4 - e_QSE_QSE_ME_aZ)
ky =245 E_ B o E_o,E_o, +2e7 (e — e 2)?E_E .E_,,E_,,
—V2el (e BE_ oo, B0, E gy + € " P E_ o B0, B 0,E_a,)
+ V265 (BB (B B 0yF gy + ¢ P PE o, B o,E_oyE )
—V2e T (e — e 7B) (ePTBE oy B o, EoayE oy + € " P E_ o, B0, E_0,E_o,)

+ \/ée_fq?’ (6q3 - e—%) (€Q2+Q3E—a1E—a2E—a3E—a4 + e_qz_qu—agE—omE—azE—Oél)
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ks =+/2efa2 a3 (¢33 — ¢793) (eq2+Q3E_aOE_alE_QQE_a3E_a4 + e-@—%E_a3E_a4E_a2E_a0E_m)
+ 2675 (P E_o, By By gy oy — € P B0y B oy B0y E—0, E_a,)
— 2675 (P E_a, By By B-oy By = € ®E_0, B0, B0y B0, E_y,)
+2e7 I (e — ) (P E_ay By By Boo, Eny — € P E_ayBoy B0, B0, F_q,)
— 27 (e” — %) (¢PE oy B0, B0y B-0,F -0y — € "E_0,B_o,E 0, B0, E_0,)
ks =—26*2E_ o E 0, E-0,F-o,Fo,F—a,
—2e7 2 \FE_o.E o, E_o,E_o,E_,
—2*BF_\ FE_ 0B o, E_0,E_o,E_.,
—2eBE_\E_ o, E_o,E_o B0, F_q,
— 2B 0 B0, F 0, B, B0y By
—2F 0, E0,F0,Fo,F—0,F—q,
— 2 0, E0,F,F-oy B0y B,

—2E 0, F oy By, By B, (4.2.52)

These solutions also fit into the proposed grading. We have not checked whether the

solutions given here and in eq.(4.2.30) are representation independent.
The defect transport matrix satisfying eq.(4.1.23) is given by

K :e—%((pl+q1)H1+(p2+q2—2M2,t)H2+(p3+Q3—2u3,t)H3+(p4+q4)H4)f(

e%((Pl—Q1)Hl+(p2—Q2—2M2,t)H2+(p3—Q3—2M3,z)H3+(p4—q4)H4) ) (4_2‘53)

Once again we have K — e9(92:83)ay H2+9(a2,a3)a3 Hs [ ¢=9(02,03)a H2=9(a2,93)a3 M5 taking the
K matrix from that of the original defect to that of a defect which is the original

defect with the auxiliary fields shifted by po — p2 + 9(q2, ¢3) g0 3 — 13+ 9(q2, G3) gs-

The structure of these defect transport matrices is clearer if we write out the matrices
in full. To do this we simplify the situation slightly by setting f = 0, knowing that
the above expression could immediately be used to restore the ef2s multipliers

to their correct terms. We also take K — %R’ , which does not affect whether
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K satisfies the zero curvature condition in eq.(4.1.23). We use Q§f3 to denote the

brackets (%23 +e~%3). The defect matrix for the defect with the first defect potential

is
1 V32 V2e92QF 1 ed2ta3Qf 42 cd2+a3  La2+43
V2 Bl TR T Ve o7 2 TS T T3
V2 1 _ V2eR2 Q;r __1 1293 Qa+ ed2 92143 ca2+a3
6 73 5 Top A 2 3 =3
1 1 A V222 1 _ed2ta3 QF 92 e92+ta3  ca2+a3
V2p V2p V2 PO V2p2 p° p3 ot ot
V2e 92 (,22+ VZe 92 Q; \/§Q;r2 - V3e—242 eQSQSFQ; Q; eQBQ; quQ;r
f( — o p° ol V2 8 p3 P 02 02
e 92 e 92 ,ﬁ _ e 12 1 V2293 )  V/2e93 /293
2 P> Iz p3 V2 o8 p? P> p°
culno cmimof cwmoter cwwer ot L w4 o
ot ot p3 o V2p2 V2 o0 V2p V2p
e—92-43 12793 e 93Q7 12743 Qg V2e =93 1 V2
T3 T3 02 o7 T V2p TR V2 '
eT92793 _eT92793 6_q3Q;r e—42—493 7%  V/2e793 V2 1
p3 o3 02 ot V2p po o0 V2
(4.2.54)
and for the second defect potential we have
1 _V2 V2eI2Q,) 1 _ e®2H98Qy 92 92143 (92193
V2 00 p° V2p ot 02 o3 p3
V2 1 | V2e02Q, 1 2t 837 22 921393 92+93
00 V2 oo V2p ot 02 p3 o3
1 1 |vERe2 1 ePTBog _e®2 Q9243 d2ta3
V2p V2p p0 V2p2 PP p3 Tt Tt
V2eTR2Qy  V2eT92Q,  VEQSP | 520 e93QyQn Q; BQy  eBQy
f( —_ p° p° ot V2 06 03 P 02 02
=12 a2 @ 92 1 V32 V32 _VBed3 /393
02 02 p p3 V2 o0 p P p°
e 927IBQy o U2TBQy e BQyQy e 27BQY 3 Q%‘Q 0 JBe—2a3  QF Q.
ot ot p3 o V2p2 V2 o0 V2p V2p
_e—92-43 e—42—43 B, —a-g Q3 _ V2793 1 _V2
p3 p3 p? ot V2p p° V2 o0
e—d2—43 _eT92—43 e By e”92793 _ Q3 V2e” 93 _V2 1
p3 P p2 ot V2p pd o0 V2
(4.2.55)

With these defect contributions to the Lax pair which give zero curvature if and only
if the equations of motion for a momentum conserving D, defect are satisfied we have
made a step towards proving the integrability of the general momentum conserving
defects found in chapter 2 and the defects in specific ATFTs given in chapter 3. In
both the Tzitzéica and D, case momentum conservation gave sufficient constraints
on the defect for the generation of an infinite number of conserved quantities. It is

very likely that in all cases momentum conservation is necessary for integrability.




Chapter 5

Solitons and defects in affine Toda

field theories

5.1 Introduction

A soliton is a localised structure within a field theory which moves with constant
velocity and retains its form over time, even after interactions with other solitons.
They appear as solutions to many integrable systems including the Kortweg-de Vries
equation [GGKM67; Hir71], the nonlinear Schrédinger equation [ZM74; FT86] and,
most importantly for us, the ATFTs [Hal94]. Well-studied due to interest in their
stability and soliton-soliton interactions, they appear in various physical models

[SCMT3]. For an overview of solitons in integrable systems see [FT86; For90].

An integrable soliton appears as a solution to the equations of motion of an integrable
field theory, and is stable due to a cancellation of (reinforcing) nonlinear effects and
dispersive effects, and the existence of an infinite number of conserved charges. A
topological soliton is stable due to possessing a topological charge. The solitons in
ATFTs are both integrable and topological, with the field taking different values as
x — £00 (corresponding to occupying different vacua of U) and their topological

charge is given by u(t, 00) — u(t, —oc0). Consider the ATFT potential in eq.(3.1.1)



5.1. Introduction 93

with m = 8 = 1. As ¢ — £o00, so u — constant, we see that in order for U to
have multiple minima, and so support solitons, © must take a complex value. The
minima of U occur when v = 2miw, where w is an element of the weight lattice of

the underlying Lie algebra.

Soliton solutions for the A, ATFTs were found in [Hol92], with these solitons having
real mass and energy despite the fields being complex. Their topological charges
lie in the weight lattice of the fundamental representations of A,. The static single
soliton solutions for all other ATFTs were found in [MM93], with folding utilised
to give the solitons in non simply laced ATFTs. Investigations into the topological
charges of these solitons were made in [McG94a] and [McG94b]. A survey of solitons
in ATFTs may be found in [Hal94]. These solitons were found using the Hirota
bilinear method [Hir71], which involves finding a bilinear form of the equations
of motion and allows very easy construction of multi-soliton solutions. Using this

method the single solitons are given by

u:—ZailnTi (5.1.1)
i=0

VA(eosh(B)z—sinh(®))+e - A particular set

where the 7 functions are dependent on F = e
of 7 functions will specify a particular soliton. @ is the rapidity of the soliton, A
is a constant which may take different values for different solitons and ¢ is some
constant dictating the position and topological charge of the soliton. In [McG94a;
McG94b) it was found that for each soliton the possible topological charges will all
be of the form 27i(w; + «), where w; is a particular fundamental weight and o may
be any root. This soliton can then be said to be associated with the corresponding
simple root «;. There are always as many species of solitons as there are simple
roots and no soliton is associated with the a root. The possible topological charges

of a particular soliton all lie in a fundamental representation of the Lie algebra, but

do not necessarily fill it.

For the Dy ATFT there are three solitons with A = 2 which are associated with the

outer nodes on the Dynkin diagram and one soliton with A = 6 which is associated
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with the central node on the Dynkin diagram. The 7 functions of these solitons are

A=2: Tn=m=1+E m=n=1-FE n=1+EFE? (5.1.2)
To=T3=1+FE m=m=1-FE m=1+F> (5.1.3)
n=ma=14E m=m3=1-FE n=1+FE (5.1.4)

A=6: To=Ti=T3=Ts=1+F m=1—4F + E>. (5.1.5)

These solitons are generally taken to be zero as x — —oo and their topological
charge as © — oo, but if a different value of u is required as x — +o0 we can shift u
(in such a way that the bulk equations of motion are left invariant), giving a soliton
with the same topological charge but different values of u as x — 4+00 to the above
expressions. For the soliton in eq.(5.1.2) the topological charges are such that it is
associated with ay, for eq.(5.1.3) as, for eq.(5.1.4) oy and for eq.(5.1.5) ay. There
is an orthogonal transformation (an outer automorphism of the Dynkin diagram)
which permutes the solitons associated with the outer nodes. This transformation

will also permute the oy 34.u terms appearing in the bulk potential U in eq.(3.1.1).

The interactions of solitons and defects have been investigated in the sine-Gordon
[BCZ04b], A, [BCZ04a; CZ09b|] and Tzitzéica [CZ09a] cases. In both the quantum
and linearised classical cases the type I defects were found to be purely transmitting
[DMS94b; KL99; BCZ04b], so here we are considering purely transmitting defects
and expect the soliton to be delayed by the defect. The delay experienced by a
soliton passing through a defect is found by taking w to be a soliton dependent
on F and v to be a soliton dependent on zFE, where z is the delay. The defect
equations are then solved for z. Evidently z will modify the constant ¢, shifting the
soliton and possibly changing its topological charge. If 2 = 0 or z — +oo then all ¢
and x dependence is removed from the v field leaving it constant, with the soliton
appearing to be absorbed by the defect. The topological charge of the defect is given
by v(t,0) — u(t,0), and in the cases where the soliton changes topological charge
when transmitted through the defect or is absorbed by the defect the topological

charge of the defect before and after the interaction will be different.
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In the sine-Gordon case there is a single soliton, associated with the a; root, and
depending on the value of ¢ this may have a topological charge of 27i (a soliton) or
—2mi (an antisoliton). For a soliton interacting with a type I defect z may take a
range of values which are completely determined by the rapidity of the incoming
soliton and the defect parameter . z may be such that a soliton emerges, that an
antisoliton emerges, or, if z is 0 or oo, that no soliton emerges and v is constant.
In the A, case there are two different type I defects and the delay of the «a; soliton
passing through one defect is the same as the delay of the «,.,1_; soliton passing
through the other defect. Again the delay factor z is dependent only on the soliton
rapidity and defect parameter and the defect may absorb a soliton or change its

topological charge [BCZ04a; CZ09b].

This absorption or changing of topological charge is particularly interesting, and
highlights the link between defects and Backlund transformations. By taking the
Bécklund transformation of a system and setting one of the fields to be constant it

is possible to solve the equations for the other field to give the one soliton solution.

In this chapter we aim to give some flavour of how the generalised type II defects we
have found in chapter 3 interact with solitons. We will only consider the D, defects.
In section 5.2 we find the minima of the two possible defect potentials, which limits
the possible soliton configurations which may appear on either side of these defects.
We then show that soliton solutions to the Dy ATFT with a type II defect exist and
calculate the soliton delays resultant from interactions with the defect in section 5.3

and consider the behaviour of the auxiliary fields at the defect in section 5.4.

5.2 Minima of the D, defect potential

We will consider defects with the two different defect potentials found in section 3.3.1.
They are given in eqgs.(3.3.10),(3.3.11), referred to as D*, DT, and (3.3.12),(3.3.13),

referred to as D~, D~. We begin with f = 0 in both cases, where f is the arbitrary
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function which may be introduced to the defect potential by a redefinition of the

auxiliary fields.

To investigate the minima of the defect potential we will need to know the pos-
sible values the fields can take at the defect as t — +o0, since they must be the
solitons given in eqs.(5.1.1),(5.1.2)-(5.1.5). We will always take u(o0,0) = 0 and
then u(—o00,0) and v(£o0,0) may be a 27i multiple of any weight of Dy, as given
in eq.(A.0.47). So for t — +oo we will always have e = £1, ¢¥ = £1 and so
(recalling p; = %(ul +v;), ¢ = %(ul —v;)) el = £1, +i, e = £1, £i as the possible

values for the exponentials of the fields appearing in the defect potential.

Firstly consider the minima of the potential given by F = D* 4+ D*. From F, =0
we have e’! = £1, from F},, = 0 we have e + e~ % # ( so e = %1, then using this
we have that F,, = 0 gives e™" = £1. F),, =0 gives e® 478 # (0 and e” +e 7P #£ 0
so e = £1 and e”* = %1, Fj, = 0 gives e = £1 and then Fj, = 0, F, = 0 and
=0

F,, = 0 are automatically satisfied. None of the signs are correlated and F,, ,

and F;

12,3

et = +(+2)3 and e = +(£2)3, where the + within the brackets are correlated.

= 0 are not yet satisfied. Solving F,, + F,, = 0 and F,, + F},, = 0 gives

Finally F,, = 0 and F),, = 0 give e” = £1 and e” = £1. By our choice of values for
the bulk fields the + signs appearing within the expressions for the auxiliary fields
are completely determined. So for any particular choice of values for the bulk fields
there are three possible values which the exponentials of the auxiliary fields may

take, arising from the powers of %

Although we do not know the exact values taken by eP" and e% (as this would involve
specifying ¢ in the soliton solutions so that the topological charge of the solitons was
set) we do have p; = win; and ¢; = mim;, where n; and m; are integers. Because we
assume u — 0 as t — oo the expression w; = p; + ¢; = wi(n; + m;) gives m; = —n;,
and so v; = p; — q; = 2min; as t — o0o. Looking at the fundamental weights given
in eq.(A.0.47) this means that we must have the far left value of the v field being a
2mi multiple of a weight in the root lattice shifted by 0, wy or wy. A solution with

u =0 and v = 2miws 4 as t — oo (so the v soliton has been shifted from one given
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in eqgs.(5.1.2)-(5.1.5) by 2miws4) cannot exist for this defect as it does not lie in a
minimum of the defect potential. The final topological charge of this defect will be
a 27 multiple of a weight in the root lattice shifted by 0, w; or wsy. If we assume
that the soliton does not change species as it passes through the defect then the
topological charge (and so value of the field as  — oo or t — —o0) of the u soliton
will be 2mi(w; + «) and the value of the v soliton as x — oo or t — —oo may be
2mi(w; + B), 2mi(w; + wy + B) or 2mi(w; + we + ) where a and § are roots. So
the initial topological charge of the defect will be v — u = f — a(+2miw; ). The
topological charge of this defect must always lie in either the root lattice or the root

lattice shifted by 2miw; o as t — £o0.

Now consider the minima of the potential given by F = D~ 4+ D~. From F, =0
we have eP! = &1, from F),, = 0 we have e®? — e™% # 0 so e”? = =+, then using this
we have F,, = 0 giving e?* = +i. F,, = 0 gives e® —e™® £ 0 and e’ —e™ # 0
so e = £i and eP* = %1, F, = 0 gives e = £i and then F,, = 0, F, = 0 and
F,, = 0 are automatically satisfied. Again none of the & are correlated and F,,, = 0
are not yet satisfied. Solving F,, + F,, = 0 and F,, + F,, gives e/? = +(£2i)5 and
et = +(+2)3, where the + within the brackets are correlated. Finally F,, =0 and
F,, = 0 give e” = £i and e = £i. Again the choice of values for the bulk fields
completely determines the + signs which appear in the expressions for the auxiliary
fields. For any particular choice of values for the bulk fields there are again three

possible values which the exponentials of the auxiliary fields may take, arising from

the power of %

Again we have not specified ¢ in the soliton solutions, so do not know the topological
charge of the solitons or the exact values of the bulk fields, but we do have p; =
%m’(Qni +1) and ¢; = %m’(?mi + 1), where n; and m; are integers. With u = 0 as
t — oo the expression u; = p; + ¢; = mi(n; +m; + 1) gives m; = —n; — 1, and so
v; = p; — q; = mi(2n; + 1). Looking at the fundamental weights in eq.(A.0.47) this
means that we must have v a 27 multiple of a weight in the root lattice shifted

by w3 or ws. A solution with v = 0 and v = 0, 2miw; 2 as t — oo cannot exist for
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this defect. The final topological charge of the defect must be a 27 multiple of a
weight in the root lattice shifted by ws or wy. Again as we assume that the soliton
does not change species as it passes through the defect, so the value of the u field as
t — —oo will be 27i(w; + a) and the value of the v field will be 27i(w; + w3 + ) or
2mi(w; + wy + ), where o and 3 are roots. So the initial topological charge of the
defect will be v — u = 8 — a + 2miws 4. The topological charge of this defect must

always lie in the root lattice shifted by 2miws 4.

So the possible topological charges for the two defect potentials separate into the two
distinct parts of the weight lattice described above. We do not know if these lattices
are filled by the topological charges of the defects. This analysis of the minima makes
sense if we recall our findings regarding the effect of shifts of the bulk fields on the
defect potential in section 3.3.1. There the potential as given in eqgs.(3.3.10),(3.3.11)
was labelled with D* and D* and the potential as given in eqs.(3.3.12),(3.3.13) was
labelled with D~ and D~. Then a shift of v — v + 2wiw; gave ¢ — —o for D*, D+
and D~, D™, a shift of v — v + 2miw, left DY, D* and D~, D~ unchanged, a shift
of v = v+ 2miws gave DT — D~, D* — D~ and D~ — D*, D~ — D* and finally
a shift of v — v + 2miwy gave D* — D=, D* — D~ and D~ — Dt with ¢ — —0¢
in both cases as well. The effects of these shifts on the defect potentials will dictate
their effect on the soliton solutions. If we start with a defect with potential D+, D*
and a solution such that u,v = 0 as ¢ — oo then for any shift written in terms of the
fundamental weights acting on v we can use these results to determine the effects
of the shift on the soliton delay and whether such a bulk soliton configuration is
allowed for the D*, Dt or D~, D~ defect potential. For example, we take a bulk
soliton solution such that u,v = 0 as t — oo. This is a solution for a defect with the
D+, D* defect potential but not the D=, D~ one. Making the shift v — v + 2miw;
takes DT, Dt <+ D~, D, and so this new soliton configuration should have the
same soliton delay but now be a solution for a defect with the D~, D~ potential,
not the DT, D potential. As another example, we could instead make the shift

v = v+ 2miw;. We would expect the new bulk soliton configuration to still be a



5.3. Soliton delays 99

solution for the defect with the D, D% potential and not the D=, D~ potential,
and because this bulk field shift also gave 0 — —o we would expect the soliton delay

to be the same as before except for o0 — —o.

5.3 Soliton delays

We will now consider soliton solutions to a Dy ATFT containing a defect. The soliton
on the left of the defect will be one of the four given in eqs.(5.1.2)-(5.1.5) dependent
on E = eVMeosh(®)z—sinh(@)t)+e with 4 — 0 as ¢ — oo. The soliton on the right of the
defect will be given by the same equation as the soliton on the left and have v — 0
as t — 00, but with E replaced by zFE. z is the soliton delay and we will solve the

defect equations for z.

We will first consider the defect equations (2.2.34)-(2.2.39) with D* and D™ as the
defect potential and f = 0. Any redefinitions of the auxiliary fields, which are what
this function f corresponds to, will change the values of the u fields themselves, and
the positions of the minima of the defect potentials with respect to the u fields, but
should not affect the behaviour of the bulk fields, or the delays experienced by the
solitons. For the soliton to the right of the defect we take v — 0 as t — oco. We
introduce the constant p = 2%0'69, where o is the defect parameter and 0 is the soliton
rapidity, and note that it is different from the constant p which was introduced in
the previous chapter. For the soliton given in eq.(5.1.2) (that associated with simple

root «) there are three possible delays. These are

a2 D™ = De—em) e e gy
(p+ 1)(P—€%m) (p+ 1)(p—|—e§m’) (p— eém’)(ﬁegm

For the soliton given in eq.(5.1.3) (that associated with simple root «3) and the
soliton given in eq.(5.1.4) (that associated with simple root ay) the three possible

delays are

14y _eim—p Cesmigp
2 = 2 = 23 =——.

(5.3.2)

2
6371'7,_p
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Finally for the soliton given in eq.(5.1.5) (that associated with simple root as) the

delays are
. 1 . 34 Lrmi — Smi
. :(p—f)(p—ez ), :(pﬂ)(/ﬂre; ) z3:<p+ei )(p o ) (533)
(p+i)(p+es™) (p—i)(p—es™) (p—es™)(p+es™)

As expected the defect equations with D~ and D~ can never be satisfied for this

soliton configuration.

Now consider the soliton configuration where u — 0 and v — 27iw; as t — oo and

the defect with potential given by Dt and D*. For the soliton associated with oy

we have
(p+1)(p—es™) (p+ L(p+es™) (p—e5™)(p + e5™)
1= T 2= 3. 3= T s (5.3.4)
(- Dp+e™) T p-Dlp—ei®) " (prem)(p—el
for the soliton associated with a3 or ay we have
1_p e%“—l—p G%wi_p
2l =7 2o =7 23 =— ), (535)
L+p es™ — p e3™ 4 p
and for the soliton associated with ay we have
. Lo . S Lo Sg
_(pti)ptes™) (p—i)(p—es™)  (p—es™)(ptes™)
1= : Ty 2T : 5 3= T s (5.3.6)
(p—i)p—ctm) " (priptrerm) O (pterm)(p—eim)

These are simply the delays for the previous configuration, as seen in eqs.(5.3.1)-
(5.3.3), with p — —p. For the defect potential given by D~ and D~ there are again

no possible soliton solutions for this particular soliton configuration.

For the soliton configuration where u — 0 and v — 2miws as t — oo the defect with
defect potential given by Dt and D% again gives the delays in egs.(5.3.1)-(5.3.3)

and the defect with defect potential given by D~ and D~ again has no solutions.

For the soliton configuration where u — 0 and v — 2miws as t — oo the defect with
defect potential given by D and D* now has no soliton solutions and the defect

with defect potential given by D~ and D~ gives the delays in eqs.(5.3.1)-(5.3.3).

Finally, for the soliton configuration where u — 0 and v — 2miw, as t — oo the defect
with defect potential given by Dt and D% has no soliton solutions and the defect

with defect potential given by D~ and D~ gives the delays in eqgs.(5.3.4)-(5.3.6).
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Recall that in section 3.3.1 we considered the effect of shifts in the bulk fields on
the defect potential. Comparing the results there to the soliton delays given here for
various soliton configurations in which the bulk v field has been shifted, we see that
the changes to the delays seen here correspond exactly to the changes in the defect
potential seen in section 3.3.1 when the v field is shifted by various fundamental
weights. All of these results fit exactly with our predictions made when considering

how the defect potential is affected by shifts of the bulk fields.

For each soliton configuration there are three possible delays. As there are three
possible minima for the auxiliary fields for every soliton configuration we expect
that the choice of minimum will dictate the delay. Taking p — egmp cycles between
the delays and corresponds to the redefinition o — e3™ o on the defect parameter.
Considering the defect potential, if this redefinition is applied to D¥+D* or Dt — D~
then the potential remains invariant if and only if we make some redefinition of the
auxiliary fields such that e#? — e~3™el2 and eMs — e3™iels. In the previous section
we saw that for every field configuration there would be three possible values for
to and p3 which corresponded to minima of the defect potential, and these field
redefinitions would move us from one minimum to another. This confirms that
the delay factor experienced by a particular soliton will be dependent on which
minimum the auxiliary fields began in. We expect the equations of motion for ps 5 to
be dependent on z, then requiring these fields to take a particular value as t — —oo

will set the value of z.

We do not expect the value of f to affect the delays experienced by the solitons,
only the equations of motion for the auxiliary fields. As a small check that this is

the case we also calculated the soliton delays when
q2 / ’ q3 / /
f :/dq; In (eq2 + e_q2> + / dg;In <€q3 + e_q3) (5.3.7)

rather than f = 0 for the defect with defect potential given by Dt and DT and with
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the field configuration u — 0 and v — 0 as t — 0o, and when
q / ! q / /
f :/czlqé In (eq2 - €_q2) —i—/élqg In (eq3 - e_q3) (5.3.8)

rather than f = 0 for the defect with defect potential given by D~ and D~ and with
the field configuration © — 0 and v — 2miws as ¢ — oo. In both of these cases the

soliton delays were found to be those in egs.(5.3.1)-(5.3.3).

The values of p which correspond to a pole or a zero in the soliton delay give the
defect parameter and soliton rapidity which lead to the soliton being absorbed by
the defect. Depending on the value z takes the defect can also alter the topological
charge of the soliton. Although changes in the topological charge of solitons are
allowed we have not considered the possibility for changes in the species of soliton.
A defect cannot transform a soliton into another soliton with a different value of
A, as this would require the delay to be x and ¢ dependent. However, it may be
possible for a defect to change the species of a soliton to another with the same
A value. For the D, solitons with A = 2, as given in eqs.(5.1.2)-(5.1.4), there is
an orthogonal transformation which permutes the ay 34 solitons. We suggest that
taking this transformation and applying it to the v fields appearing in the standard
D, defect (recalling that orthogonal transformations of the bulk fields and invertible
transformations of the auxiliary fields do not fundamentally change the system) will
give a defect which, while no longer having the standard (kinetic) defect Lagrangian
of u;v; 4 + ZMEQ) (ug? — vgi)), is still momentum conserving and can take, for example,
an incoming « soliton and transform it to an as soliton. However, the complicated
form of such a defect means that this calculation of soliton delay has not yet been
carried out. It may also be that the allowed minima of the defect are such that this

combination of bulk fields cannot be a solution to the system as a whole.

In section 2.3 we saw that carrying out the Lorentz transformation in eqs.(2.3.35),(2.3.36)
(where (t',2') are the initial coordinates and (¢, z) are the boosted coordinates) on a
system containing a stationary momentum conserving defect with defect parameter

o gave a defect moving with velocity tanh(n), which is momentum conserving if its
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defect parameter is e 0. Applying the same coordinate transformation to a defect

cosh(0)z’—sinh(0)t'+c SN 6cosh(9+17):rfsinh(OJrr])tJrc

with rapidity 0 gives F = e , o a soliton

with rapidity 6 + n. Recalling that p = 250¢’ is the only parameter which appears
in the expressions for the soliton delays we see that this Lorentz boost will not affect

the delays experienced by solitons passing through defects.

5.4 Auxiliary field behaviour

The auxiliary field behaviour is considered here for the defect with defect potential
given by Dt and DT and the bulk fields such that « — 0, v — 0 as t — co. The
behaviour of the auxiliary fields in all other cases should be given by the redefinitions
of the auxiliary fields specified in section 3.3.1 when considering the effects of shifts

of the bulk fields on the defect potential.

For the soliton given in eq.(5.1.2) (that associated with simple root ay) the auxiliary

fields are given by

e =237 (B2 1) (2B 4 1)
(B2 + 1B +82°E® — (2 +1)(2* — 82 + 1)E* + 82E + 2 + 1) p*
+(z = 1)(2E' = (2> — 4z + 1)E* + 1))
(=1D(zE*+ (z+ DE +1)°
+ (e DE 4 (e~ 1PE+2+1)) (5.4.1)
e =25p(E—1) ' (:E-1)"
(2E' = 2(z+ DE* + (2 + )E* — (2 + )E +1)
(G=D(E*+ +DE+1)p* + (2(: + VE* + (2 = 1)’E+ 2+ 1))
(+1)(22E" + (22 — 42+ DE? + 1) p°

+ (- D(2E + (2 DB 1)) (5.4.2)
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with E as given above. For the soliton in eq.(5.1.3) the auxiliary fields are

e =23p Nz —1)(z+ 1) GEX+ 1)(E2+ 1) 2(2E> + 1) 2 (5.4.3)

e =23p(z+ 1)(z — 1) (2E% — 1)(2E* — 1)2(E? — 1) 2 (5.4.4)

and likewise for the soliton given by eq.(5.1.4). Finally for the soliton in eq.(5.1.5)

the auxiliary fields are given by

e =2ip*(z — 1) N(E+1) (B +1)""(E* - 4E + 1)%(,22]32 —42E + 1)%
(2B = 2(z+ DE* + (s = 8z + )E* — (: + )E + 1)
<22E4 —2(z+1)E* +62E% — (z + 1)E + 1)_1
(26(22 + 4z + DEYZ 4224 (22 + 28 + 1222 + 2 +2) B
— 42+ 1)(2* — 14z + 1)E?
+ 22(2% 4+ 162° — 102" + 762° — 102* + 162 + 1) E®
+42%(2 4+ 1) (2 +52° + 242 + 52 + 1)E”
+22(2% 4+ 82° — 112" + 2562° — 112* + 8 + 1)E®
+4z(z+1)(2* + 52 + 2422 + 52 + 1)E®
+ (2% +162° — 102* + 762 — 102 + 16z + 1)E*
—4z(z+1)(2* — 14z + 1) E®
+2(22" +2° + 122 + 2+ 2)E? + 2+ 42 + 1)
(\/5(23(2 +1)ES + 2(z + 1)(2* + 2+ 1) E* + 162 E?
+(z+ (22 + 2+ DE? + 2+ 1)p°
+ (2 — 1)(23E6 —2(2 =52+ 1)E*
tdz(z+ DB — (2 =5z + DE* 1)) (5.4.5)
¢ =232z~ 1)(E+ 1(E + (B> —4E+ 1) (22E> —4:E +1)
<z2E4 —2(z+1)E* +62E* — (z + 1)E + 1)
(V3(2%(z + 1)E® + 2(2 + 1)(z* + 2 + 1) E* + 165°E?

+(z+ D+ 2+ DE + 2 +1)p°
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+ (2 — 1)<Z3E6 —2(2 =52+ 1)E*
+42(z+ DE® — (22 = 52 + 1)E? + 1))

<z6(22 + 4z + 1DEY2 4224 (22 + 22 + 1222 + 2+ 2) B
— 4z + 1) (2% — 14z + 1) E?
+ 22(2% +162° — 102* + 762 — 102 + 162 + 1) E®
+ 422z + 1) (2 +52° + 2422 + 52 + 1)E”
+22(2% 4+ 82° — 112* 4 2562° — 1122 + 82 + 1)E°
+4z(z+1)(2* + 52 + 2422 + 52 + 1)E®
+ (2% 4+ 162" — 102" + 762° — 102> + 162 + 1) E*
—4z(z 4+ 1)(2* — 142z + 1) E?

-1
+2(22" +2° + 122 + 2 + 2)E? + 2 + 42 + 1) (5.4.6)

We will consider the behaviour of these solutions as t -+ —o0, so £ — oco. From
our analysis of the minima of the defect potential we have e®2 = +(+2)5 and
ers = j:(j:2)%. Depending on the values of these & signs, as set by the bulk fields,
the possible values for the auxiliary fields are e#? = +25e372 and eMs = £25 57N

2 2. 2 1_. .
or ef? = £25e3™"2 and eM? = £25e3™"3, where ngy 3 are integers.

First consider the expressions for the auxiliary fields when a soliton associated with
the oy root passes through the defect, as given in egs.(5.4.1),(5.4.2). When £ — oo

these become

: 4 (z+1)p+2-1
we _o3 102 5.AT
‘ P (z—=1p*+2+1 ( )
s ot G Dp 241

z+1)pP+2z—-1

(5.4.8)

The three possible delays for this soliton-defect configuration are given in eq.(5.3.1).
By substituting these into the above expression we see that if we are to have delay
z1 then the initial values of the auxiliary fields must be e2 = 25¢75™ and et =

Q%eg’”, if we are to have delay z5 then the auxiliary fields must take initial values of
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etz = 25e5™ and e = 2557 and if we are to have delay z3 then they must take

2 1
values e*? = 23 and eH3 = 23,

For a soliton associated with either the ag or ay root the auxiliary fields expressions

become
1
e :2§p—1z - : (5.4.9)
1 1
et :2§pz i— . (5.4.10)

as t — —oo. The three possible soliton delays are given in eq.(5.3.2). For a delay of

z1 the auxiliary fields must have initial values e#? = 25 and ets = 2%, for a delay of

29 they must have initial values of e#? = 25e3™ and et = 23¢7 3™ and for a delay

o 2 2. 12
of z3 they must have initial values of e#? = 25¢73™ and ef® = 235e3™.

Finally for a soliton associated with as passing through a defect the auxiliary field

expressions become

by _of o 2244241
R L VAt D+ 2= 1) (5.4.11)
eH2 :2—§p—2 (Z — 1)(\/§<Z + 1)/73 +z— 1) (5.4'12)

224+ 4z+1

as t — —oo and the three possible soliton delays are given in eq.(5.3.3). For a delay

-

— 24

of z; the auxiliary fields must have the initial values e#? = 25e5™ and et = 23¢ ,

w

for a delay of 2z, they must have the initial values e#? = 25e75™ and M3 = 25¢5™

and for a delay of z3 they must have the initial values e#? = 25 and eMs = 23,

These early values which the auxiliary field must take fit into our previous analysis

of the minima of the defect potential.



Chapter 6

Conclusion

In this thesis we have sucessfully expanded the Lagrangian defect picture by gener-
alising the type IT defects first seen in [CZ09a]. From chapter 2 we have the general
form any momentum conserving defect (up to the restrictions on the defect couplings
described in that chapter) must take. We were also able to show that the equations
of motion of such a defect can always be modified to give a Backlund transformation
for the bulk theory. In chapter 3 we were able to find momentum conserving defects
in the A,, B,, C, and D, ATFTs using the conditions found in the previous chapter.
Type I A, ATFTs had been found previously in [BCZ04b; BCZ04a] and type II C.,
ATFTs had been found via folding of the type I A, defects in [Rob14b|, but the
B, and D, defects are new. The modifications of the defect equations which give
a Bécklund transformation may be applied to all the defects found in this chapter,
giving new Béacklund transformations for the theories. In chapter 4 we gave some
thought to the integrability of a system with a defect. Only the existence of an infin-
ite number of conserved quantities was considered, and it was found that momentum
conservation was likely necessary for the existence of these conserved quantities.
Some possible restrictions on the splitting of the fields into those which couple as
a type I defect and those which couple as a type II defect were found, but these
were not proved to be necessary. A new transport matrix across the defect which

ensured zero curvature, and so an infinite number of conserved quantities, was found
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for defects in the Dy ATFT. In chapter 5 solitons passing from the bulk theory on
the left of a D, defect to the bulk theory on the right were investigated. The delays
experienced by the soliton during such an interaction were found and the behaviour
of the auxiliary fields was analysed. As in previous cases the solitons experienced a
delay and in some cases a change of topological charge, with the delay set be the
rapidity of the incoming soliton and the defect parameter [BCZ04b; BCZ04a; CZ09b;
CZ09a], and like in the Tzitzéica case the initial values taken by the auxiliary fields

also affected the soliton delays.

This work has confirmed previous results (the squeezed sine-Gordon defects found in
[CZ09a] and the C5 defects found in [Rob14b]), provided new energy and momentum
conserving defects, and gives us a framework which will hopefully cover all defects in
ATFTs. The fact that all defects satisfying the conditions given in chapter 2 can be
used to give a Bécklund transformation suggests that these momentum conserving
defects are integrable, as well as being an interesting observation in its own right.
The explicit calculations for transmission of solitons through the D, defect also
strongly suggest that it is an integrable system. The most compelling evidence for
the integrability of these momentum conserving defects is the zero curvature of the

Tzitzéica and D, defects.

The obvious next step is to attempt to find defects in the remaining exceptional
simply laced ATFTs (Eg, Er, Eg). In principle these are the only remaining cases it
is necessary to solve, as the folding procedure for defects in [Rob14b| can then be
used to find momentum conserving defects for all non-simply laced ATFTs. These F
series momentum conserving defects have not been found so far due to the difficultly
of finding appropriate 2-space. It may also be that a non-zero A matrix or ¢ vector
field is required. However we have no systematic way of finding the 1-space and
2-space splitting, A matrix or ¢ field required for a momentum conserving defect and
this is a difficult task to complete by trial and error alone. Chapter 4 did give us
some likely constraints on the 1-space and 2-space splittings which give an integrable

defect, but we have not yet been able to apply these conditions correctly to the E
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series. The D, defect found should fold to the G5 defect, but this folding has not

yet been successfully carried out.

Another significant area for further study would be defects in quantum ATFTs. The
type I defects have been investigated in the quantum case in [BCZ05; CZ07; Ump08;
CZ09b; CZ10] and the type II defects in [CZ11; Robl5]. With the information
about the soliton-defect interactions for the D, defect given in chapter 5 it should

be possible to construct a quantum scattering matrix for this defect.



Appendix A

Simple roots and generators of Lie

algebras

This appendix is intended to establish some of the notation and properties of Lie
algebras and their representations, roots and weights used in chapters 3 and 4. For

a more complete set of notes on this area see [Cah84; Ge0o99; Sam90).

The matrices which form a basis of a representation of a semi-simple Lie algebra

obey the following commutation relations.

[Hj, Ea] =(0); Ea (A.0.1)
E,=E', (A.0.2)

2
[Eas E_q] :W(Q>jHj (A.0.3)
[Ew, Eg) =napEats if a4+ 3 € roots (A.0.4)
[Ew, Eg) =0 if o+ ¢ roots, 0. (A.0.5)

Here subscripts are used to identify the different generator matrices. A subscript
outside a bracket denotes an element of the bracketed vector. The matrices H; are
the Cartan matrices and form a basis of the Cartan subalgebra, the largest set of
mutually commuting (and so mutually diagonalisable) matrices in the representation

of the algebra. The matrix E, is an eigenvector of all Cartan matrices H; under the
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commutator. The vector « is known as a root and the element («); is the eigenvalue
of E, with H;. For eq.(A.0.4) we must be able to determine whether a certain vector

is a root or not.

For any two roots o and (8 there will be a chain of roots 8+ pa,...,5,...,8 — m«a

which must satisfy

(A.0.6)

If « is a root then the only multiples of a which are also roots are «, 0 and —a, so
the chain of roots can have a maximum of four elements. A chain with more than
four elements would give other multiples of roots as also being roots. So m — p can

take integer values between -3 and 3. The angle between two roots is given by

(o, ) (B, )
(o, a) (B, 8)"

and so from this and eq.(A.0.6) we see that there is a restricted set of values which

cos? ) = (A.0.7)

angles between roots can take.

We can take some of the roots to be an ordered basis of the root space. A positive
root is a root whose first non-zero coefficient when written in this basis is positive.
The simple roots are defined as the positive roots which cannot be written as the
sum of two positive roots and are labelled aq, s, ..., a,.. They form a basis of the
root space. All positive roots can be written as a sum of simple roots and all negative
roots can be written as a sum of negatives of simple roots. So we can use eq.(A.0.6)
to check whether sums of simple roots are in fact a root, and so build up all the
roots written as sums of simple roots. Note that o; —a; (where «; ; are simple roots)
cannot be a root as then either a; — a; or a; — a; would be a positive roots, and
so we would have a; = (a; — ;) + a; or o = (oj — ;) + ¢ giving a simple root

written as a sum of positive roots.

For our purposes all Lie algebras are completely characterised by their Cartan matrix

or Dynkin diagram, which encodes the inner products between the simple roots. The
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Cartan matrix is an r X r matrix with entries given by

Ay =2 {ai, ;) (A.0.8)
(g, ;)
where «; (i = 0,...,7) are the simple roots. Obviously the diagonal entries will be 2.

Considering eq.(A.0.6), the fact that a; — o (where o; and «; are simple roots) is
not a root means that A;;, ¢ # j can only take values 0, —1, —2, —3. These values
correspond to different inner products between the simple roots. The Schwartzchild
inequality (a,b)? < (a,a)(b,b) also gives limits on A;;. It has equality when a is
proportional to b, but if @ and b are simple roots we can never have equality (as they

are linearly independent), and therefore A;;A;; < 4.

The information in the Cartan matrix can be represented on a Dynkin diagram. For
every simple root we place a dot or node. Then the i and j* nodes are connected
by a number of lines equal to A;;A;;. If A;; # Aj; then (o, ;) # (a;, o) and we add
a direction to the lines pointing towards the shortest root. So, all our possibilities

(taking into account the restrictions on A;; detailed in the previous paragraph) are

a O QL Ay =0 Aj; =0
o O—a Aj=—1 Ay =—1
(0%} ()E()Oéj

In using these to build Dynkin diagrams it can be found that there is a fairly limited

number. Below we give the Dynkin diagrams of all semi-simple Lie algebras.

() ()
O - —0—=0
A, aa Qz Q1 Qy (A.0.9)
O—0O— —0==0
—/
B,« ey Qo Qr_q Q. (AO].O)
O—O— —O==0
—/
Cr ;a1 Q2 Q1 Q. (AOll)



Simple roots and generators of Lie algebras 113
Qr_1
O M
—/
(oY1 Qo Ap—2
D, : % (A.0.12)
Qg
(M) ()
O —/ N\ N\ O
Eg: 1 Qi Qs Qg Qs (A.0.13)
T a7
O (M) () (M) O
—/ N N\ —/
E;: o Qi Qs Qg Qs Qg (A.0.14)
T as
O (M) () () () O
—/ N N\ —/ N
FEg: aa 85) a3 Oy 5] 073 Q7
(A.0.15)
Fy: Qg Qs Qg (A.0.16)
Gy: 1 Qg (A.0.17)

For small r some of the A, B, C' and D diagrams are isomorphic to each other so

to avoid these overlaps we have A, for r > 1, B, for r > 2, C, for r > 3 and D,

for » > 4. The diagrams with only single lines are called simply laced, and all their

simple roots are the same length. The following roots satisfy the inner product
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relations encapsulated within the above diagrams.

1 0 0 0
1 1
A ar=1| 0 s = 1| -1 a1 =11 a =10 (A.0.18)
-1 1
0 0 0 -1
1 0 0 0
1 1
B.,: ar=1]0 as =] —1 o1 =10 a, =10 (A.0.19)
1 0
0 0 —1 1
1 0 0 0
1 1
C.: ar=1|0 s = 1| —1 o1 =10 a. =10 (A.0.20)
1 0
0 0 -1 2
1 0 0 0
—1 1
D,: a=|0 as = 1| -1 .o o1 =10 o, =10 (A.0.21)
1 1
0 0 —1 1
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Qy =

a3 =

(A.0.22)

a4 =

3 =

Qg =

oy —

o o o O

a1 =

E()'Z

a1 =

E7Z
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(A.0.23)

0y =

Qg3 =

Qr =

o o o O

Qg —

Qo =

g =

o o o O

af =

a1 =

EgZ

ar =



Simple roots and generators of Lie algebras 117

0 0 0 1
1 0 0 11 -1

F4 : oy = Qg = a3 = iy :i (A025)
—1 1 0 —1
0 —1 1 —1
V2 _ 1

G2 . o = g — 2 (A026)
0 1

6
These are the simple roots in (one of) their simplest possible forms, with the exact
choice of vectors dictated by trying to set as many entries to zero in as many simple
roots as possible. Because the Cartan matrices and Dynkin diagrams only give
information about the angles between roots and their relative lengths we can act on
these vectors with any orthogonal transformation or overall scaling and still have
the simple roots of the same Lie algebra. We have chosen to take the first simple
root to have length v/2. Note that for the A, simple roots the vectors are length

r + 1 as they are far simpler to write this way. For A; we will simply take ay = 1.

It is possible to use these simple roots to construct a Toda field theory, a conformal
field theory without soliton solutions. For affine Toda field theory we base the field
theory on the simple roots encoded in the affine Dynkin diagrams. The affine Dynkin
diagrams have an extra node, and so there is an extra root being treated like the
simple roots. This extra "simple" root is the lowest weight root, denoted by g and
given by oy = —>_I_; n;a; where o; are the simple roots and n; are some numbers

which are characteristic of the algebra. These n;s are

A, n; =1 i=1,...,r (A.0.27)
B, : ny =1 n; =2 1=2,...,r (A.0.28)
C,: n; = n, =1 1=1,...,r—1 (A.0.29)
D, : ny =1 Np_1 =1 n, = n; = 1=2,...,7r—2 (A.0.30)
FEg : ny =1 Ng =2 ng =3 Ng =2

ns =1 ng =2 (A.0.31)
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E;: ny =1 Ny =2 ng =3 ng =4

ns =3 neg =2 ny =2 (A.0.32)
FEg : ny =2 Ny =3 ng =4 Ny =5

ng =6 ng =4 ny =2 ng =3 (A.0.33)
Fy: ny =2 ng =3 ns =4 ng =2 (A.0.34)
Gy - n; =2 ng =3 (A.0.35)

and so the lowest weight g roots for the various algebras are

—1 ~1 —1
—2
0 -1 —1
0
Ar Qo = BT‘ Qo = 0 Cr POy = D’r Qo = 0
0
0
1 0 0
—1 —1 1
—1 —1 —1
—1 -1 0
—1 -1 0
1 1
Eeg: ag==1|—-1 E:: o ap==1|-1 Es: ag=1| 0
3 3
—1 -1 0
2 2 0
2 2 0
2 2 0
—1
-1 L
F4 Qp = G2 Qp = V2 (AO36)
0 —./3
2
0

When the «q root is included in the Dynkin diagrams we have the affine Dynkin
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diagrams,
Qp
N\ N\
A, Qo Q1 Q (A.0.37)
Qo
Qo Q1 678
B, ™1 (A.0.38)
Cr 1 Qo aq Qr_1 Ay (A039)
o) Q1
%) Qp_9
D, 1 Qr (A.0.40)
O @
O @
() () (M)
O N N\ —/ O
Eg: 1 Qi as Qg Qs (A.0.41)
T a7
O () () () () O
N N\ —/ N N\
E;: o 05) Qs Oy Qs Qg Qo
(A.0.42)
asg
O () () M () M O
N / / N / /
Eg . ag Qq 0%) a3 Qy Qs 7] oy

(A.0.43)
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O—O0—"C—0C—"-=20
/
Fy: @ Qg Q a3 Oy (A.0.44)
() {
O—C==0
Go @ Qo Qg Qz, (A.0.45)

Because the By and () affine Dynkin diagrams are isomorphic but their form is more
akin to the pattern followed by the C, diagrams we choose to take B, for r > 3 and
C, for r > 2, which differs from the non-affine convention. Often the semi-simple
Lie algebras are denoted by a capital letter and their affine versions are denoted by
the same letter with a tilde. Here we just take the un-tilded letter to mean the affine
version, as that is all we will be working with from now on. Also note that while we
are using the affine simple roots we are still using the non-affine, finite dimensional

generators as defined by the commutation relations in eqgs.(A.0.1)-(A.0.5).

The roots are the eigenvectors of the H; matrices in the adjoint representation,
defined by adX (Y') = [X,Y]. Weights are eigenvectors of H; in any representation.
All possible roots form a root lattice and all possible weights form a weight lattice
which contains the root lattice. The weights also obey eq.(A.0.6) but with the root
3 replaced by a weight. The fundamental weights w; satisfy (a;, w;) = d;;, with w;

being the fundamental weight associated to the simple root «;.

The fundamental weights of A3 are

3 1 1
1|1 1|1 1|1

—1 —1 1

—1 —1 -3

1 1 1 1
0 1 1|1 1|1
wy = Wy = w3 =5 Wy =3 ) (A.0.47)
0 0 1 1
0 0 —1 1
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