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Abstract

New Perspectives on Operator Deformations and T-duality in String
Theory
Hasan Mahmood

The moduli space of string theories has been the subject of intense research efforts for
many years now. Much of these efforts are focused on string compactifications, and
in particular worldsheet conformal field theories (CFTs) embedded in toroidal target
spaces. The CFTs defined at each point in this moduli space consist of an algebra of
operators which define the content of the theory. In this thesis, we will investigate
methods of traversing this moduli space, and we will attempt to elucidate the relations
and symmetries that exist between different points in this space.

Specifically, we study the deformation of operators in string compactifications, as
well as T-duality from the worldsheet CFT perspective. We review, and bring into a
contemporary context, a construction based on universal coordinates that can be used
to define operators at one point in moduli space in terms of the operators at some
reference point. We also review how this construction can be used to perform T-duality
algebraically, thus providing an alternative perspective to the Buscher construction.

Using the language of connections and parallel transport on the space of backgrounds,
we discuss how to deform general operators in a given space of theories, including
quantum field theories (QFTs) lacking conformal symmetry. We find that, for a general
operator, there are two sources of deformation. The first is the usual deformation
operator derived from the worldsheet sigma model. The second, less familiar part is a
deformation directly induced as a result of the change in the background, which depends
on the tensor structure of the operator of interest. In particular, scalar operators are
invariant under this deformation. In the literature, since it is usually scalar operators
such as the stress tensor that are of interest, this part of the deformation has not
previously been addressed to our knowledge.

Throughout, we apply our formalisms to well-known torus bundle examples such
as the nilfold, the 7% with H-flux and the T-fold, and we also employ the doubled



vi

geometry construction. Initially, we utilise an ‘adiabatic’ approximation, where we
neglect the worldsheet interactions arising from the coordinate dependence of the
background. We investigate how the gauge algebra of the torus bundle with doubled
fibres, pulled back to the worldsheet, compares with the algebra of the zero modes.
Surprisingly, we find that the algebra of the worldsheet theory reproduces the doubled
twisted torus algebra, i.e. the algebra where the base is also doubled.

We also consider worldsheet sigma models corresponding to these torus bundles
in their entirety, away from the adiabatic limit, and derive operator deformations in
this context. We discuss T-duality between these backgrounds and we explain how our
formalism could be used to construct T-dual backgrounds in more general settings. We

also consider how the formalism applies to the N = 1 superstring in the NS-NS sector.
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Chapter 1

Introduction

String theory has been the most promising candidate for a theory of quantum gravity
for some decades now. Over the past half-century or so, there have been great strides
made in our understanding of the theory, and at every turn it has revealed itself to
be richer and deeper than we previously thought. As is well-known, the Standard
Model is the best theory we have for describing almost all known interactions in nature,
and it has been the gold standard in physics for many years. However, the problems
with the Standard Model highlight the need for a theory such as string theory. In
particular, its incompatibility with gravity is its most glaring problem. There are
also other issues though, such as the apparent arbitrariness of its construction. Why
the particular gauge group SU(3) x SU(2) x U(1)? Why the specific parameters of
the theory? Such questions naturally lead us to consider a theory which has a more
‘natural’ construction and more easily incorporates all of the interactions we observe in
nature. Over the years, string theory has maintained its status as the foremost theory
potentially capable of filling this role. From a simple construction of a worldsheet
embedded in spacetime, we get many appealing properties that often appear to arise
very naturally. For example, string theory has no free parameters, so it does not have
the arbitrariness of the standard model. It also naturally incorporates gravity and
has no issues with UV divergences. Furthermore, not only does string theory admit
a supersymmetric description, but supersymmetry is required for consistency of the
theory. Additionally, and perhaps surprisingly, there have been many connections
made with rich areas of mathematics which have broadened our understanding of
the interplay between mathematics and physics, such as mirror symmetry between
Calabi-Yau manifolds [3, 4]. Such unexpected connections are ubiquitous in string
theory, and as such it is clear that there are many deep implications of the theory that

are yet to be understood.



2 Introduction

It is apparent, therefore, that string theory is worth studying. Though it has been
the subject of intense focus for many years, there are still numerous open questions
and our understanding of the theory is far from complete. It is generally thought that
string theories are 2d conformal field theories embedded in a spacetime (‘target space’)
of 26 (bosonic case) or 10 (supersymmetric case) dimensions. Understanding this space
of theories better, and in particular constructing tools that allow us to traverse this
space, is one of the key goals of string theory. This will largely be the focus of this
thesis. More specifically, we will be interested in how operators in the CFT at one
string theory can be deformed to another string theory, i.e. another point in the moduli
space of theories. We will also be interested in the symmetries on this space and we will
pay particular attention to the phenomenon of T-duality [5-7]. In short, the aim of the
research undertaken and presented in this thesis is to elucidate the matter of operator
deformations and to better understand the symmetries existing between operators and
the theories to which they belong.

T-duality is a symmetry on the moduli space which relates two apparently different
sigma models by constructing a relation between the background tensors which define
the theories. These relations are usually known as the Buscher rules [7], and this
has been the established understanding of T-duality for some time. The Buscher
construction is often the most useful way of proving that two apparently different
theories are really just different T-dual descriptions of the same theory, and is the
isometry gauging procedure originally introduced in [7] and further refined in [8, 9].
The validity of the Buscher procedure rests on the existence of a compact abelian
isometry of the target space which can be used to generate a rigid symmetry of the
worldsheet theory. This symmetry can then be gauged in the sigma model and the
gauge fields integrated out to give a dual description of the gauged theory. If one can
then show that the gauged theory is equivalent to the ungauged theory, then one has
a pair of worldsheet theories that describe the same physics. There are many cases
where the required symmetry of the target space does not exist (or may exist only
locally), but there is still evidence that a dual description of the theory exists and
there is a sense that the relationship between these two descriptions should still be
thought of as a form of T-duality. Examples include the SYZ description of mirror
symmetry [10] that involves torus bundles where the fibres can degenerate, as well as
T-folds [11], whose non-geometric nature can be traced to an obstruction to extending
a local circle isometry globally in the geometric dual [12].

Progress has been made in casting the Buscher construction in more general (and

exotic) settings [13], but we always fall back to the same restrictions when attempting



to prove the duality rigorously, at the level of the worldsheet theory. This stands
in contrast to the remarkable progress that has taken place in incorporating duality
symmetries directly into supergravity-inspired field theory constructions'. In this thesis,
instead of attempting to generalise the Buscher construction, we revisit the perspective
of T-duality as an automorphism of the operator algebra. Using ideas discussed in
[15] and with a view to moving beyond the isometric torus bundle paradigm, whilst
remaining within the context of a symmetry that is recognisable as T-duality, we
reconsider the operator algebra approach in a contemporary context. One of the main
questions concerning T-duality is whether there is a valid way to extend its applicability
to non-isometric cases. We will not settle the issue of non-isometric T-duality in this
thesis, but we hope that the constructions presented and the observations made will
help to indicate a possible alternative approach, one which we feel has not yet been fully
explored. In particular, we hope to frame T-duality in a more fundamental perspective.
For a general CF'T, it is the operator algebra which is the defining content of the theory,
not the spacetime. Indeed, there may not even be a proper spacetime interpretation
of a given theory, but we will always have an operator algebra, and so we are of the
opinion that the algebraic approach better gets to the heart of T-duality and is more
fundamental than the Buscher procedure. In general, there has been renewed interest
in understanding QFT from the operator algebra perspective [16, 17]. This thesis takes
a similar view to the primacy of the the worldsheet operator algebra in string theory
as a bundle over the space of backgrounds.

As indicated, our approach in this thesis will be very much from an operator
perspective, and our primary tools will be the algebra on the worldsheet CFT. As well
as T-duality, our main focus will be on how these operators are deformed as we move
through moduli space. One of our aims will be to describe how the use of a connection
on the space of backgrounds can be used to define a parallel transport that allows
one to write the operators of a theory in one background in terms of the operators
in another background (at least perturbatively). Ultimately, one of the aims of this
endeavour is to gain a more background independent view of string theory, or at least
a given family of string backgrounds. In relating operators at different backgrounds to
each other, we hope to obtain a broader picture of these backgrounds which perhaps
makes it easier to study more general background independent properties.

Much attention has been given to deformations of the holomorphic worldsheet stress
tensor 7'(z) under a change of background. This is of course a spacetime scalar, but

there has not been much attention given to the deformation of non-scalar operators.

1See [14] for a nice review of some of the more recent advances.



4 Introduction

Thus, a key aim of this thesis is to develop a formalism that correctly treats operators,
such as 0X*(z), which are not target space scalars.

A rough outline of the framework is as follows (details will be given in the text).
We start with a family of sigma models, characterised by a metric, B-field and any
other fields in the target space. We assume that, near a theory of interest, this data
defines a space of backgrounds M. Over M there is a bundle & — M whose fibres are
operators of the worldsheet theory defined at the point in M. We will really only be
interested in a subset of these operators relevant to the deformation we are considering.

The starting point is a string theory at a point of enhanced symmetry pg € M,

where this symmetry acts as an automorphism on the operator algebra
Ag — U_leU, (11)

for any operator Ay in the fibre at py, where U is an element of the symmetry group.
We then define a connection I on £ and use it to parallel transport to a background of
interest p € M. This allows us to describe the theory at p in terms of the operators of
the theory at py. The advantage of this is that, if we know the action of the symmetry
group on operators at pg, we can use this to deduce the action on operators at p. In
general, the enhanced symmetry is spontaneously broken in the new background, but
a subgroup may remain. As we will show, T-duality is one of these residual gauge
symmetries and the group of all such symmetries forms a discrete subgroup of the
space of backgrounds which we quotient by to obtain the physical moduli space.

We will initially consider toroidal backgrounds which are exact CFTs, where we
will show that our formalism reproduces the known deformation results obtained in
[15, 18] to all orders. However, one of the benefits of this approach is that, even
if the background we start at is a CFT, we can deform the theory ‘off-shell’ to a
background which is not a CF'T, so it can be used for a large class of backgrounds,
including a number of toy models. When we come to the nilfold and 7° with H-flux
in chapter 6, we will see that this is useful for investigating the T-duality between
these backgrounds. Initially, we will study such backgrounds in the context of an
‘adiabatic approximation’[19], which essentially allows us to regard these backgrounds
as CFTs, and later we will move away from this approximation and see how the parallel
transport formalism can be applied in more general cases. Although these toy models
are not string theories on their own, we still take an interest in them because they
are used as components in the construction of legitimate string theories. It is also
interesting to see how the case with conformal symmetry differs from the more general

case. In particular, we will review an idea from string field theory known as ‘universal
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coordinates’ [20], which makes the CFT case particularly simple. This is essentially the
statement that the string embedding field X (o, 7) is independent of the background (at
least for fixed 7), and we will see that such a construction is unique to the CFT case.

Although we find the conceptual framework is compelling, there are several draw-
backs to this approach: the main issue is that the calculations are hard. This is, in
part, reflective of the fact that the worldsheet quantum field theory is at the heart of
this formalism and calculations in interacting quantum field theories are hard. The
challenges of doing explicit calculations are a reflection of this fact. There is a sense in
which this is not the whole story. Even the free theory calculations in this formalism
can be involved and there are examples of dualities between toy models that may be
done straightforwardly in the Buscher construction [7, 8], but are technically challeng-
ing in the formalism presented here. We also avoid issues of topology change and
degenerations in the background and we generally lift to a covering space to perform
the parallel transport.

What is to be gained from this formalism is a way to clearly understand how
individual operators in a CF'T or QFT may be deformed, as opposed to correlators,
which is usually the focus in the literature. The formalism we describe is widely
applicable to many theories and is a step forward in being able to traverse the space of
string theories and QFTs more generally.

Additionally, we gain a different perspective on T-duality, one that is potentially
applicable to a wider class of examples than the Buscher construction. For example,
the challenges with non-isometric duality are particularly clear from this perspective

and no longer seem insurmountable.

1.1 Outline

The outline of this thesis is as follows. Chapters 2, 3, 4 and 5 will largely be review
material of topics of relevance for later chapters. In chapter 2, we briefly review toroidal
compactifications in string theory and the conventional understanding of T-duality.
We also look more closely at symmetries in the space of string backgrounds and we
explain how T-duality can be understood in this context.

In chapter 3, we explore an idea that will be important in many of our discussions,
namely doubled geometry [21, 11]. We will start by reviewing the setup of the
formalism and then we will show how it can be applied to twisted torus bundles.
These backgrounds, the 7% with constant H-flux, the nilfold and the T-fold, will be

introduced here and in particular we will explore the T-dualities between them. We
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will also show how these dualities fit naturally in the doubled formalism, and we will
end by reviewing the sigma model of the doubled torus bundle.

In chapter 4, we introduce the notion of algebraic T-duality as an alternative to the
Buscher procedure. First, we review the notion of automorphisms of CFTs in general,
from the perspective of the worldsheet operator algebra. We then explain how T-duality
can be constructed as such an automorphism, and we explore this transformation in
some detail. We introduce the idea of universal coordinates and we apply the algebraic
T-duality construction to simple toroidal cases.

In chapter 5, we review the connection story of [22], first in the more general context
of [23, 24], and then specifically for the CFT case. We show how connections on the
space of backgrounds are constructed and how these can be used to define a notion of
parallel transport of operators. We briefly review the QCD example of [23] and then
discuss the stress tensor deformation.

In chapter 6, we apply the ideas of the previous two chapters in particular and
discuss how universal coordinates can be viewed from the connection perspective.
We then apply the universal coordinate construction to the twisted torus bundles
discussed in chapter 3, where we employ the adiabatic limit to justify this application
to backgrounds which are not strictly CF'Ts. We look at the T-duality between these
backgrounds from the algebraic perspective. A significant amount of attention is paid to
how the algebra defining the backgrounds of chapter 3 looks from the worldsheet CF'T
perspective. In some sense, this is the pullback of the algebra to the worldsheet. What
we find is that the algebra on the worldsheet is a central extension of the full doubled
twisted torus algebra from [12] which is classically obtained by doubling both the fibres
and the base. Given that we only double the base, this result is highly intriguing.
We briefly explore how one might tackle non-isometric T-duality in this formalism
and we show how, though the problems in the Buscher procedure are still present
here, it seems less insurmountable and that progress on non-isometric T-duality could
possibly be made in this algebraic perspective. We end the chapter by exploring some
generalisations of twisted torus bundles to target spaces which are still constructed
from the same structure constants, but may not be torus bundles. We derive the
relevant algebras here and discuss associativity. We make some brief comments on the
R-flux case.

In chapter 7, we discuss a formalism which allows us to extend our analysis thus far
to more general theories and operators. In particular, our construction will be valid for
generic connections on theory space and takes into account the tensor structure of the

operator of interest. We will apply the formalism to the flat torus case first, where we
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recover the results derived earlier. Here, for the case when we have a non-zero B-field,
we will see that we need to use the doubled formalism to recover the results derived
earlier, and we will discuss in detail why this is. We will also explore the relationship
between universal coordinates and doubled geometry.

In chapter 8, we continue directly from the previous chapter and apply our formalism
to the torus bundle backgrounds considered earlier, but this time without making any
simplifying assumptions. We show that this results in the deformations being more
complicated and we derive these extra terms to first order. We also briefly explore a
covariant construction, based on methods described, for example, in [25].

In chapter 9, we look at the T-duality between the torus bundles once again, but
this time with the extra corrections from the previous chapter taken into account. Our
approach is essentially a generalisation of [15] where we use the stress tensor to derive
the duality, and we show that we recover the expected duality. We also explain how
this method would be used more generally to construct T-dual backgrounds.

In chapter 10, we look at how the formalism discussed in the previous few chapters
applies to the N = 1 supersymmetric case in the NS-NS sector. We derive the
deformation for a fermion field both in the flat torus case and in more general cases.
We briefly discuss universal coordinates for fermions and why such a construction is
not readily available. We once again derive the T-duality between the T3 with H-flux
and the nilfold, but this time with the fermionic deformations taken into account, and
we find that the expected duality does indeed hold. We also make some interesting
observations regarding picture changing and how this fits in with our formalism.

Finally, in chapter 11, we make some concluding remarks and we discuss some
questions that would be very interesting to explore, but unfortunately we did not have

time for during the research period.






Chapter 2

String Theory on a Flat Torus

We begin by reviewing string compactifications on the flat torus. In particular, we
will be interested in the symmetries of these theories and we will review the T-duality
construction of [7, 8], as well as the gauge symmetry discussions of [26]. We also lay

out much of the conventions that we will use throughout this thesis.

2.1 Toroidal compactifications in string theory

Much of this thesis will be focused on target spaces containing some compactified
toroidal space T with a flat metric g,, and constant antisymmetric B-field B,,. In
particular, we will be interested in the conformal field theory on such spaces (we will
not pay any attention to the uncompactified dimensions in this thesis and our focus
will be entirely on string compactifications). The space of such backgrounds, modulo
symmetries, is

M = 0(d) x O(d)\O(d,d)/0(d, d; Z.), (2.1)

where d is the dimension of the torus. The discrete group O(d, d;Z) is of particular
interest to us and we will discuss its presence in more detail in section 2.4. The
worldsheet sigma model embedded in the torus, with worldsheet coordinates (o, 7), is

given by the action

1 2m
§=—1 / do / dr (VA0 0. X 05X g + P 0, X 03X B, (2.2)
m Jo
where the metric signature is (+, —), € = —1 and we have chosen conventions such

that the o factors have all been absorbed into the fields. This ensures that all fields
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appearing here are dimensionless. At some points it will be useful to reintroduce the
o’ dependence, and we will make it clear whenever we do so.

It is convenient to work in conformal gauge, where the action becomes

- 71T / 0B, 0X" X", (2.3)
where E,, := g, + B, specifies the background! and we have defined 0 := %(87 —
0y), 0 := %(87 + 0,). The equation of motion is then

0X =0, (2.4)
where 00 = 90. X then has the mode expansion
X"(o, 1) = 2V +who+T19" (p,— B, p,w”) Z ( He=in(7=0) 4 Ghe m(”")), (2.5)

n;éO
and the conjugate momentum P, = i(gw)‘(” + B, X"), where X=0,X,X'=0,X,

has the mode expansion

I1,(0,7) = 27P,(0,7) Z( T ke ") 4 Bate MR (2.6)
n;é(]

At fixed 7, these fields obey the equal time commutation relations
[ X" (o, 7),1L, (0", 7)] = 2mid (0 — o')o",. (2.7)

We can normally take 7 = 0 wlog because, if 7 takes some fixed non-zero value, we can

simple redefine
okt — ate™. (2.8)

We also have the mode commutation relations

14

[O[Z7 am] = ngMV5n+m7 (29)

which can be verified using the mode expansion, or equivalently the inverse relation

ahb(r) = \2/7? ]{da 0XH"(o,7)e ", (2.10)

1B, can be seen as a parameterisation of the moduli space (2.1).
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where a,(7) = a,e”. Tt will also be useful to split X into left and right-moving

parts as
X (o7)=aff + Lcv”cr_ - u > la“e_mf (2.11)
L L \/5 0 \/§ = n " )
1 i 1
XE(oM) =ah + —=aho™ + —= ) —ake ™, 2.12
R( ) R \/5 0 \/57; n ( )
where 0% = 7 £ 0 and
v 1 v ~v 1 T v
Iy = \/§<p# - B, w ), Iy = \/i(pu + E,,w ) (2.13)

As we will discuss in chapter 4, for these flat toroidal backgrounds, we will think of
X" 11, as being universal coordinates [20], in the sense that they are independent of
E.

We will very often be interested in the weight (1,0) and (0, 1) fields X, (07),0X (o)

+

respectively, where 0= = 7 & 0. These can be expressed in terms of X', II as

DX, (07) = ;(H“(o, )= B X" (o, T)>, DX, (0+) = ;(H#(U, )+ EL X" (o, T)).

(2.14)
Often, we will prefer to work on the plane as opposed to the cylinder, i.e. on the
Euclidean worldsheet ». To go to Euclidean signature, we must do the Wick rotation
7 — —i7 and define complex worldsheet coordinates z = e~ %. If we define the

Euclidean action as Sg = iS5, then, dropping the subscript E, we get

S = / 22 E,,0X"(2)0X"(2), (2.15)

where now
7 = 1=
aPlane = az = _;8Cy1inder> 8Plane = 82 = _gaCylindera (216)

and our conventions are such that d?z = dz A dz/2mi. In this signature, the mode

expansions are now

i i 1
XH(z,2) = “—( 61 +apl ‘>+ —(anz ™" +apz™), (207
(2:2) = = 5o loa(e) + aflox(3) ) + 75 522 (o= + k™), (2.17)
1
I(2,2) =20P,(2,2) =pu + —= > (Effya;’lz_" + EWC_YZ?_”) : (2.18)
\/En;éo
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Instead of commutation relations, we now have the OPEs
1
 XH(2) XY (w) = X (2) XY (w) - —Eg‘“’ log |z — wl?, (2.19)
and

20X, (2) = —; (u(2,2) — B X™(2,5)),  20X,(3) = —; (M (2,2) + EL X"(2,2)) .

(2.20)
with mode expansions
i .- v, ,—n—
GXM(;:):—% > guoakz" (2.21)
Y > i - ~Vz—n—
0X,(2) = -7 > gwanz " (2.22)

Let us now look more closely at the d = 1 case, i.e. where the compact target space
is simply a circle. We will illustrate the phenomenon of T-duality and then we will
generalise this to the 7% case.

2.2 String theory on a circle & T-duality

Consider string theory on a circle of radius R, where we have the identification
X ~ X +21R. (2.23)

In addition to compactifying the momentum to take integer values, we also have

winding sectors defined by
X(o+27) = X(0) + 27 Ruw. (2.24)

The mode expansions are as given in (2.17) with £ = ¢ = R?, and in Minkowski

signature the action on the circle is
1 .
S[X] = —Z/dQJRQ(—XQ +X7). (2.25)
7
On the plane, we have action

S = /E 2R, X (2)9-X (). (2.26)
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To discuss T-duality for string theory on a circle, an illuminating approach is to look at
the physical state (or mass-shell) conditions, derived from the Virasoro modes Ly, Lo.

These can be written as

2

p —_
m? = Tt w’R* +2(N + N —2), (2.27)
0=pw+N—N, (2.28)

where N, N are the level number operators given by

o0 o0
N=> a,- a, N=> a_, a, (2.29)

n=1 n=1
where the contraction of the modes includes all directions, including any external
(non-compact) directions. The mass-shell conditions can be used to compute the
physical states, e.g. if m? = 0, we get the usual metric, B-field and dilaton states
corresponding to the symmetric, anti-symmetric and trace parts of a general rank 2

tensor respectively. Now, under the transformation

R — l, P w, (2.30)
R

we see that these physical state conditions are invariant, i.e. this transformation is a
symmetry of the theory. However, it is not a symmetry of the action and therefore it
takes us to a different, but physically equivalent, sigma model. Thus, we think of this
symmetry as a kind of ‘duality’ between different string backgrounds, and this is what
we call T-duality. Note that, when R = 1, this is a special case where the duality is in
fact a symmetry of the sigma model. This is called the ‘self-dual radius’, and will be

extremely important throughout this thesis. Let us discuss this point in more detail.

2.2.1 The self-dual radius

At generic R, the theory has a U(1)? gauge symmetry (i.e. U(1); x U(1)g) which is
exhibited by the fact that there is just a single (1,0) current, the massless gauge boson
J? =i0X, and a single (0,1) current .J? = i0X.

However, at R = 1, (2.27) has an enlarged set of solutions since the momentum and
winding terms can now combine. In particular, there are additional massless gauge

bosons, and it can be shown that the states at each mass-level now form multiplets of
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SU(2). Thus, there is a symmetry enhancement

The (left-moving) SU(2) is generated by the currents

J3(2) = i0X(G)(2), (2.32)

where the background F = G is the self-dual radius point, and we have labelled it
explicitly here for clarity. Note that, throughout this thesis, we will use £ = G to refer
to the background with metric g = G = 1 and B = 0, and lowercase g will always refer
to a general metric. The currents (2.32) can be shown to form a level 1 SU(2) affine

lie algebra
Sii ik

JH(2)J (w) ~ JE(w). (2.33)

2(z —w)? +Zz—w
In fact, it was shown in [27] that, at the self-dual radius, string theory on a circle is
equivalent to the level 1 SU(2) WZW model. Furthermore, the Zy T-duality symmetry
group is a subgroup of this SU(2), i.e. we can think of T-duality as originating from
a symmetry group of the R = 1 theory that is broken away from this point. We will
discuss this idea in more detail in section 2.4.

The fact that we can view string theory at the self-dual radius (SDR) as either
a string on a circle or an embedding into an SU(2) group manifold, a 3-dimensional
geometry, shows that strings see geometry very differently to point particles, and such
equivalences come up frequently in string theory. Let us now discuss how these ideas

generalise to higher dimensions.

2.3 T-duality on a flat torus: the Buscher rules

Consider the case where the compactified spacetime (or at least part of it) is a torus of
some dimensions d > 1. Instead of using the above approach of looking at the physical
state conditions, we will instead use the Buscher procedure [7, 8] to derive the T-duality
transformation for a general background. As we briefly mentioned in chapter 1, this is
a procedure by which we gauge a global, compact isometry in the target space. As we
will see, the gauged action can be reduced to either the original action or a new action,
the latter defining the dual theory.
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It is useful to see the o dependence explicitly here, so we will put it back in. Start

with the action

1
S = / [0 d X" A dX? — iBdX" AdX" +o/Ré+ 1], (2.34)

iy
5

where ¢ is the dilaton. Note that the dilaton only appears at O(o/ 0), whereas the
metric and B-field are at O(o/ _1). We suppose that this is the action on some compact
target space manifold ¥ embedded in some larger spacetime. The requirement of
compactness is crucial to the validity of this procedure. The basis of the Buscher
procedure, aside from compactness, is the existence of globally defined continuous

isometries, i.e. we suppose that there is some symmetry
S X" = ek (X), (2.35)
which is a symmetry of the action as long as
Lrg=0, LyB=dv, Lip=020, (2.36)

where v is some globally defined one-form on . We now gauge this symmetry, i.e. we
allow € to depend on the worldsheet coordinates, by introducing the gauge field A. For
the metric term, we simply make the replacement dX* — dX* + k*A. For the B-field,
due to the one-form v we must also introduce an extra scalar field x which will in fact

play an important role when we deduce the dual action. The gauged action is then

) 1t i
g —/[ (AXP 4 kP A) AR(dXY + EYA) — LB dXP A dX
o2mral 2gﬂ ( + ) *( + ) 2 I

—i(v—uB+dx)NA|, (2.37)

where we have dropped the dilaton term since it plays no role in this gauging procedure
(we will come back to it at the end). This gauged action is indeed invariant under the

local symmetry transformations
S XM = ek, S A = —de, 0. = —€Lp. (2.38)

Now, before deriving the duality, we make some simplifying assumptions. Specifically,

T

we assume we are using coordinates where k* = (1,0,...,0)", and that we are in a

B-field gauge where v = 0. Overall, these assumptions reduce our initial conditions on
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the background fields to
819 = 813 = 0, (239)

i.e. the metric and B-field are independent of the coordinate X*. Now, to deduce the
T-duality, there are two things we must do: firstly, we must be able to return to our
original, ungauged action. Secondly, we should be able to arrive at some sort of dual

action which has the same form as the original action, but with a different metric and
B-field.

Returning to the ungauged action

To return to the ungauged action, we must be able to set A = 0 via a gauge transfor-
mation. To do this, A must be pure gauge. We will show that this is the case under
the equations of motion of y, i.e. y ensures that no additional degrees of freedom are
introduced during the gauging procedure. To show this, we first introduce a basis of

harmonic one-forms on the worldsheet,
w™ € HY(Z,R), m=1,..,2g, (2.40)

where g denotes the genus of Y. This group of harmonic one-forms is isomorphic to the
first de Rham cohomology group H'(X,R), and if we let the basis of the corresponding
first homology group be 7, € Hi(X,Z), we have

/)w":&f. (2.41)
TYm
Now, using the Hodge decomposition theorem, we can express the closed one-form dy
as

dx = dx() + Xmw"™, (2.42)
and substituting this into the gauged action and varying it wrt x(g) gives the equation
of motion

F=dA=0. (2.43)

Thus, in general, we have

A= da(o) + a(m)wm. (2.44)

In order to be able to set A = 0, we need A to be pure gauge, i.e. we need the ay,) to
vanish. The a,,) correspond to possible Wilson loops W, = exp(2mi 9, A) of A around
one-cycles vy [ Hi(¥,Z). If we now vary the gauged action wrt X(m), we indeed find
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that a(,) = 0 and that A is pure gauge. Thus, we can set A = 0 and we recover the

ungauged action, as required.

The dual action

To obtain the dual action, we now integrate out A by varying wrt y. Since x only
appears as a lagrange multiplier, we simply obtain an algebraic expression for A which

we can substitute back into the gauged action. Doing so, we obtain

- 1 1 1 — B.B, 1a? -
S=-— | l (gw — G = 2 1) AXP A %X + =2 dX' A dX?
2ra J 2 g1 2 g1

B it . B vl — BV
—i—oz’“lXm/\*dX”—;(BW— p19v1 — Gl l)dX“/\dX”
g1 g11

i L ax A dXY — il dXE A df(ll : (2.45)
g11

where we have defined )
dX' = &dx. (2.46)

From this, we can read off the dual background as

2

- o
g = —,
g11
B ~
gul = O/ild, B,LLI = OJ/%, (247)
g11 g1
vl — B BV r B vl — Bl/
Guw = G — Gu19v1 ul 17 B = B,, — plgvl — Gui 1.
g11 gi11

These are called the Buscher rules and we can see that, in the d = 1 case, they simply
it
that we could have done this for the circle case, but it is enlightening to see how

reduce to R = i.e. we recover the results we derived previously for the circle. Note
T-duality works from the perspective of the state space since the physics is clearer.

Finally, we note that everything we have done here has been at the level of the
supergravity, i.e. lowest order in o’. At this order, there is no change to the dilaton.
However, if we look at higher loop calculations, we find that there are corrections to
the dilaton. For example, at one-loop, we find that [28]

ldetg

h=¢p— ——= 2.4
¢ 4detg’ (248)
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and further corrections can be obtained from higher loop order calculations. We only

include the dilaton here for completeness, and it will not concern us in what follows.

2.4 Discrete symmetries and gauge transformations

of toroidal backgrounds

We now discuss symmetries in toroidal compactifications in more detail. Earlier, we
described the symmetry enhancement of the d = 1 circle compactification at the
so-called self-dual radius R = 1 from U(1) to SU(2). Furthermore, we described how,
at this point, there are extra gauge bosons and the states at each mass level form
multiplets of SU(2). We also mentioned how it was shown [27] that, at this point, the
theory is equivalent to a level 1 SU(2) WZW model.

This structure can be generalised and put in a more geometrical setting. Here we
review this construction, based largely on [26] and references therein. We will not
directly make use of everything presented here, but it is useful to know in order to
understand the general picture.

In chapter 2, we described T-duality as a discrete symmetry between points in the
moduli space of toroidal compactifications. In fact, note that, in (2.1), we quotient by
the discrete symmetry group O(d, d;Z), not just T-duality. T-duality is actually just a
subgroup of this larger group, and there are other discrete symmetries that together
form O(d, d;Z) (this group is sometimes called the ‘generalised T-duality group’, but
we will usually refrain from such terminology to avoid confusion). In this section, we
will use the notation G = O(d, d; Z). What we will show is that T-duality is part of a
special subgroup of G which can be interpreted as gauge transformations on the moduli
space (2.1).

First, let us discuss gauge transformations in toroidal compactifications in more
generality [26]. In the moduli space (2.1), there are points at which the gauge symmetry
is enhanced to some g, X gr, and we say such points have mazimally extended symmetry
if g = gr = g, where ¢ is a semi-simple group of rank d. For example, in d = 1 we
have the enhanced symmetry point where g = SU(2). In what follows we will often
use d = 2 as an illustrative example that is simple enough to work with explicitly, but
still manages to capture many of the complications that may arise in the general case.
In this case, in addition to the g, = gr = SU(2)? point with metric G = 1 and B-field
B = 0, there is also a point where we have g = SU(3) (corresponding to As in the
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ADE classification), with background

B(SUs) = ((1) 1) | (2.49)

In fact, at a given point with maximally extended symmetry, the metric (i.e. the
symmetric part of £) is (one half of) the Cartan matrix of the lie algebra corresponding
to the symmetry group ¢g. Furthermore, this point in moduli space can always be
described by a level 1 WZW model with group manifold g, or as a theory of d free bosons
with background E. Throughout this thesis, we will often be considering deformations
of operators starting from the SU(2) point of enhanced symmetry. Such deformations
can be considered as deformations of the action Sg at the point of enhanced symmetry
with background F. In general, a deformation of the theory at the point of enhanced

symmetry with background E looks like
S(E,e) = Sp+AS,  AS=¢,JJ, (2.50)

where the J° are the (1,0) currents, i = 1,...dim(g), and J’ are the (0,1) currents.
However, not all of these deformations are independent, and in fact it turns out that
the moduli space in the neighbourhood of E is spanned by the currents which are

elements of the Cartan subalgebra of g, so
AS = e, H H®, (2.51)

a = 1,...,d (since rank(g) = d), where H* are the Cartan subalgebra elements of
gz, and H® those for gr. For example, recall from the d = 1 case that the moduli
space is spanned by deformations of the radius of the circle, which are generated by
J? =i0X(G). If we have two deformations S(F,¢), S(E,¢’) such that ¢, & are related
by a gauge transformation, such a transformation is a residual symmetry of the gauge
group at the point F (e.g. T-duality is a residual gauge symmetry of SU(2)). Such
gauge symmetries are then symmetries of the entire moduli space, and, as we will
explain, the product of such symmetries form a subgroup of G.

First, we must review the structure of G. Recall that these are the matrices which

0 1
J— (1 0) (2.52)

leave
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invariant under conjugation. The generators of the group are as follows. We have P,

which is a permutation of the coordinates a and b. In d = 2, this is

_[(p O (01
ne () - () .

We also have B,,, which has the matrix ©

1

e
t0 11

2 (o t‘T) (o 1) (2:55)

For general d, we can get any T, and any B,, by conjugating with the appropriate

01
= (1 O) in the (a,b) position, e.g. for
d=2,
©
1) : (2.54)

We also have

P’s. We also have reflections, such as

r 0 -1 0
w0 (0) .

which is a reflection in the first coordinate. For d = 2, S, = RP;» and Tj, are

generators of SL(2,7Z). The final generators are given by

D, = (1 “fa ) , (2.57)

€q 1—e,

where e, has 1 in the aa component and 0 everywhere else. These D, are the T-duality

transformations, e.g. in d = 1 we just have a single D,, namely

01
D, = (1 o) , (2.58)

which induces the R — 1/R duality (this can be viewed as swapping the embedding
coordinate X with its dual).

These are the generators of G, and now we discuss how they relate to gauge
transformations on the moduli space. Let A be such that 79 = R?/A is the torus
lattice at a point of enhanced symmetry with background E. Then, [26] proved the

following statements:
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S1: For every pair of Weyl transformations w, w of A, there is a corresponding
element g(w,w, E) € G.
In [26], g(w,w, ) was constructed explicitly. If we have Weyl reflections w, w,

these act on the Cartan elements as
H — w'H, H— w'H, (2.59)

and this is a symmetry of the deformed action S(E,¢) = S + H"eH because Sg is
invariant under Weyl reflections. Furthermore, this can be written as a transformation
of €,

e = wew’ =¢. (2.60)

Thus, g(w,w, E) should be such that g(E 4+ ¢) = E + ¢, and indeed it was found that

w0

g(w,w, E) = A(E) ( 0w

) ATYE), (2.61)

where

1/2  (sym(E))™! —1/2 1E ’

(E>:(§E —ET(sym(E»l), A_I(E):(@ym(E))l (sym(E)) BT

(2.62)
where sym(F) is the metric at the point £, and we have written it like this to avoid
any confusion, since we are using g here for groups and elements of G.

S2: If g € G, then

g = Hg(w(l7wa7Ea)7 (263)
for enhanced symmetry points E,, with w,, w, Weyl transformations of A satisfying
we(sym(E))w! = w,(sym(E))w! = sym(E). (2.64)

a

The proof of this was given by construction for d = 2. In general, this can be proven

by explicitly writing the generators in the form (2.63), and for d = 2 we have

Dlzg(r7171)7 R:g(ralra]-)a P:g(pvpa]-)a

where D = D; D, is the transformation that does £ — E~L.
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S3: The residual symmetries of the broken gauge groups (i.e. the symmetries which
remain after we deform away from a point of enhanced symmetry, such as T-duality)

are precisely the elements

T = {ra[g(wa,wa, Ea)} cg. (2.66)

Furthermore, these are the elements of G which contain even numbers of the generators
B, P and T'. This can be proven for d = 2 using (2.65).

S4: The FE, appearing in S3 can be chosen to correspond to the root lattice of the
same group. Furthermore, elements of 7 can be written in terms of any semi-simple
simply laced group of rank d (recall that simply laced groups have root vectors all of
the same length and that the ADE groups are all simply laced). It was argued in [26]
that 7T is generated solely by g € G corresponding to Weyl reflections at the points
with SU(2)? enhanced symmetry.

The transformation P is not itself a gauge transformation as it is an outer auto-
morphism of SU(2)?, and so, overall, we have that G = T X Z,, where Z, is the outer
automorphism generated by P. Thus, we can relate elements of O(d, d;Z) to residual

gauge transformations from the points of enhanced symmetry.

2.4.1 Example: the space of compact c =1 CFTs

The space of compact ¢ =1 CFTs (i.e. a single compact boson) is simple enough to
describe in its entirety, and can also be easily visualised. The ¢ = 1 CF'Ts are essentially
of two types: toroidal CFTs and orbifold CFTs. Before describing this in detail, let us
briefly review orbifold CFTs.

Orbifold CFTs

We know that string compactifications can be obtained by considering a periodic
identification of the string embedding. In a similar way, we can identify the embedding

under reflections,
X ~-X. (2.67)

If we are considering a non-compact worldsheet, then we could have X € R, in which
case the identification (2.67) would effectively reduce the worldsheet to the half-line

R=%. Of particular interest for us are the compact ¢ = 1 CFTs. Thus, we combine
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this reflection with the periodic identification X ~ X + 27 Rw, so that we obtain the
worldsheet S'/Z,. This space is known as an orbifold, and in general dimensions we
would have T¢/Z,, though we could also have other orbifolds in higher dimensions
depending on the lattice symmetry of the torus.

As we will see, the effect that this extra identification has on the theory is that
it projects more states out and it also introduces a new sector. This can be seen by
considering what happens on the cylinder as we move around the periodic direction.
Since we have (2.67), we do not need the string to come back to itself up to winding,
but rather we can also have

X(o+27) =—X(0), (2.68)

i.e. we only need to come back up to a reflection. This sector is known as the twisted
sector. In this sector, the mode expansion of X changes to reflect the antisymmetry,

and we now have

1

1
n+;

X(z,2) = \;5 Zn: (an+1 72 " a0 /Qz—"—l/z) : (2.69)
Note that there are no zero modes here because such terms would not be consistent
with the antiperiodicity. Note also that, in general, we have such twisted sectors
wherever we have fixed points of the twist action. In this case, we have fixed points at
X =0 and X = 27 R, so there will be another twisted sector at 2r R with a similar
mode expansion, but with a constant 27 R term.

More generally, constructions such as the orbifolding described here are examples of
twisting. This is where we have an underlying CF'T, such as the circle CF'T in the case
considered above, and we quotient by some symmetry of the CF'T, H. The resulting
theory will have multiple sectors. First, we have the states of the underlying theory.
These will be projected onto the space of states which are invariant under the action
of H. Additionally, we have the twisted sectors defined by

X(o+2m) = hX(0), (2.70)

where h € H. Starting from this, we would find the physical states as usual and then
project onto H-invariant states. Not all elements of H give unique twisted sectors, and
in fact the independent twisted sectors are determined by the conjugacy classes of H.
For ¢ =1 CFTs, the two main types of twisting are periodic identification, giving us

toroidal backgrounds, and reflection, giving us orbifolds. As we will see, there are also
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three other isolated types of compact ¢ = 1 CF'Ts, which utilise the extra symmetry
attained at the self-dual radius.

There is much more to be said about orbifolds and twisted sectors in string theory
more generally, and there is much discussion of such backgrounds in the literature (see,
for example, [26, 29]). Such backgrounds are central to string compactifications in
superstring theories, such as Calabi-Yau constructions [30]. In this thesis however, we
will not be particularly interested in orbifolds, though there are certainly interesting
questions one can ask given the results we will present. For now, let us describe the

space of compact CFTs with central charge ¢ = 1.

Compact c =1 CFTs

As we saw, we have two families of compact ¢ = 1 CFTs, toroidal target spaces and
orbifold target spaces. In both cases, due to T-duality, the radius of the circle is in the
range R € [1,00]. Let us see how the two families are related. Starting from the circle

at the self-dual radius, we can scale the radius by twisting by the action
r: X —X+m. (2.71)

This effectively halves the radius of the circle, which gives radius R = 1/2, but this is
T-dual to R = 2, so we have ultimately doubled the radius. Now, consider the action
of r on the SU(2) currents (2.32). r flips the signs of J'? and leaves J? invariant, so,
thinking of the SDR theory as a WZW model on the 3-sphere (the group manifold of
SU(2)), this action is a rotation by 7 around the 3-axis. Consider also the orbifold
action

s:X o —X. (2.72)

This flips the signs of J?3 and leaves J! invariant, so is a rotation by 7 around the
1-axis. However, r and s must be equivalent due to the symmetry of the 3-sphere, so
taking the quotient of the theory at the SDR by these actions must give the same
result. As we saw, the action of r induces the R = 2 toroidal theory, and the action of
s induces the R = 1 orbifold theory. Thus, these two theories are equal, as can also be
checked explicitly using the partition functions. This is the only point at which the
two families coincide, which can be seen from the fact that, at generic radius, since the
toroidal theory has only U(1)? gauge symmetry and the orbifold does not have any
gauge symmetry, there is no way to relate the two families. Note that the orbifolding

does not remove the J3.J3 modulus, so at any radius of either family we are able to
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deform the radius of the circle. Thus, we should think of this space as two semi-infinite
(semi because of T-duality) lines meeting at the point described above.

There are in fact three other special CF'Ts with ¢ = 1, but these are isolated points.
They are obtained by quotienting the theory at the SDR by the tetrahedral, octahedral
or icosahedral groups. Note that these symmetries are only available at the SDR,
so when we quotient by them we lose the modulus which allows us to deform the
radius (in fact, the only scalar which survives is the dilaton). Thus, starting from
any of these three theories, we cannot deform to any other theory, so they are iso-

lated points in the moduli space. This completes the description of compact ¢ = 1 CF'Ts.

Much of the above O(d, d) discussion can be better understood when viewed from
an explicitly O(d, d) covariant formalism. We now turn to such a formalism: doubled
geometry.






Chapter 3

Doubled Geometry & Torus
Bundles

The doubled geometry was constructed as a way of making the O(d, d;Z) symmetry
of toroidal compactifications explicit. The formalism was originally developed in
[21, 11] and applied to toroidal flux compactifications in [12, 31-33]. As we will see,
the T-duality becomes particularly simple in this formalism because it is manifestly
covariant under O(d, d;Z) transformations, so T-dualities amount to simple linear

transformations.

3.1 General description

Here, we describe the doubled geometry for toroidal backgrounds fibred over a circle.
The basic construction involves doubling the fibres (i.e. the torus), but, as explained
below, this can be seen as a special case of the more general ‘twisted torus’ background
where all coordinates are doubled.

First, we will look at the doubled torus without the fibration over the base. This
is a torus 7°¢ with O(d, d)-covariant coordinates X! = (z*, z,), where Z, are usually
referred to as the dual coordinates.

An O(d, d)-invariant metric on the doubled space, Ly, is given by [12]

1 ~
ds® = §LudX1dX" = dz"dz,, (3.1)

where = 1,...,d. This is the metric that is used to raise/lower indices.
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For a given constant background £, = g,, + B, we have the doubled metric

T i — Bupg” B Byupg™ ‘ (3.2)
—g""B,, g

This combines the metric and B-field into a single O(d, d)-covariant tensor.

Let us now look at the fibration of this doubled torus over a circle. There are two
cases here: the first is where we simply take the 7%¢ as above and fibre over a circle,
and the second is where we also double the base, so that all coordinates are doubled.
We start with the doubled torus bundle with fibre 72¢ and a base with coordinate

z ~ x + 2w. The doubled torus bundle over a circle
T — T — S, (3.3)

with monodromy eV € O(d,d), may be thought of as a 2d + 1 dimensional twisted
torus [11, 34, 35]. That is, a manifold that is locally a group Gagy1, but is globally of
the form 7 = Gogi1/T2q41, where I'yq11 C Gogyq is a discrete (cocompact) group acting
from the left such that 7 is compact. 7T is parallelisable and as such has globally

defined, left-invariant one forms
P =dz,  P'= (") ax’. (3.4)

The fact that they are left-invariant under the action of I'y4,; means that they are
well-defined on the quotient 7 and not just the manifold Go4,1. As we will see when
we look at the nilfold, we can also construct right-invariant one-forms and vector fields
which are locally, but not necessarily globally, defined on T .
A metric on T is
ds® = dr @ dv + Hry(x)dX @ dX’, (3.5)

where Hyj(x) = (eN‘”)IKGKL(eNT:”)LJ and G, is the metric on the untwisted torus

fibre. The isometries of T are generated by the vector fields

9
ox’

Ty = (o) 2 (3.6)

7. —
* OXJ’

and close to give the algebra

[Ty, T,] = 0, [Z.,Tr) = —N;/T. (3.7)
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If we compactify supergravity on T, the consistent truncation has gauge algebra which
includes
[T7,Tj) = NiyX*,  [Zs,Ti) = =N/ Ty. (3.8)

We see that (3.7) is a contraction of (3.8), where the missing generator is X* = 0/0%
and is associated with B-field transformations with gauge parameter lying along the
base circle [12].

The algebra (3.8) may be realised as the isometry algebra of the twisted torus
Gadr2/Taq10, where Gagio is a 2d + 2 dimensional group and T'yy,2 is a cocompact
subgroup of Gog o which acts from the left. The left-invariant one forms on Gogio/T'2412
are

1
P =dr,  Q,=di+ 5z\fl‘,xfde, P = (M) jax’, (3.9)

and a natural metric on Gagyo/T'2412 is given by
ds® = dz @ dv + Hys(z)dX! @ dX + Q. ® Q,. (3.10)

We see that the metric depends on all of the coordinates of 7 (the X! in addition
to the base circle) except Z. In particular, ), may depend on all of the z* and 2,
coordinates. The isometry group of the 2d + 2 dimensional twisted torus is generated
by the vector fields dual to these one-forms,

o) o 1 %)
Ty = — X' = _ Ty = (e V), (aXJ — 2NJKXK%> : (3.11)

A gauge transformation® brings the vector fields to the convenient form

Z, = (;1 + NIJXJ;XI, X* = 8855’ T = (;)XI — ;NIJXJ%. (3.12)
In some sense, the 2d + 1 dimensional twisted torus is less fundamental than the 2d + 2
dimensional construction, as the former arises, from the perspective of the underlying
Lie algebra, as a contraction of the latter. However, the route from the physical space to
T is intuitively very clear - the physical space, in any polarisation, is a torus bundle with
a given monodromy and the 7 encodes that monodromy geometrically. By contrast,
Gadr2/T2a+2 does not follow in an obvious way from the physical construction, making
it difficult to generalise to non-parallelisable cases. Specifically, when considering the

original construction - a 7 bundle over S! with monodromy e? - it is far from obvious

1xl N (eNm)IJXJ.
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a priori that the metric on Gogyo/Taq1o Will depend explicitly on the X!, whereas the
metric on T depends only on z and is determined by the monodromy.

In chapter 6, we will show that, when we consider the algebra of the pullback of
the Z,,T; of (3.6) to the worldsheet, we actually recover the full doubled algebra (3.8)
even though (3.6) themselves only generate the contracted algebra of T, (3.7).

3.2 A chain of T-dualities: H-flux, nilfold, T-fold

Here, we briefly describe some twisted torus backgrounds and recover a familiar chain
of T-dualities [12]. We will pause our discussion of doubled geometry here briefly, but
in section 3.3 we will see how these backgrounds, and the dualities between them,
are realised in the explicit doubled construction. We will see that the T-duality in
particular is much easier to understand in the doubled formalism.

It is easiest, geometrically, to start with the nilfold. This is a 7 fibred over a circle
with some monodromy twist in the fibration, where the monodromy is an element of
SL(2,Z), i.e. the mapping class group of the T2 fibre. We will describe two ways of
constructing this background explicitly. The first way involves considering a general

matrix in the lie algebra s[(2) which generates the monodromy, f#, , where

[0 —m po (1 —m
f”_(o 0), (ef)”_(() 1). (3.13)

Note that this monodromy is in the fibre coordinates (y, z). Thus, we have a globally

defined basis of one-forms given by
P* =dx, PY =dy — madz, P? =dz. (3.14)

From this, we can construct a metric on the bundle, g = P*P"¢,,, which gives the

ma
nilfold metric

ds® = dz® + (dy — madz)® + d2?, (3.15)

and we have the global coordinate identifications

(x,y,2) ~ (x42m, y+mz, 2), (,y,2) ~ (z,y+27, z), (z,y,2) ~ (2,9, 2+2m).

(3.16)
Now, there is a second way we can construct this background. Namely, via a twisted
torus construction similar to that described for the doubled formalism above. In the

case of the nilfold, we may construct it using the Heisenberg group G. The generators
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of the Heisenberg group satisfy
[ty t.] = mty, [ty t.] =0, [tz, 1] =0, (3.17)

i.e. t;,. span the Lie algebra, and a general element of the Heisenberg group can be

Tle+yty+2t,

written as e for (z,y,2) € R3. The nilfold is a compact group though, so we

also need to quotient G by a discrete subgroup I', where we choose I' C G such that
[ = {e"=tWt* ¢ G:u,y,z € Z}. (3.18)

A general matrix representation of an element g € GG can be taken to be

1 mz y
g=10 0 =z]. (3.19)
0 0 1

From this, we can construct left-invariant one forms P = gdg~!. Note that, under the

left action g — ¢'g, for ¢’ € G, P is indeed invariant. The above matrix representation

reproduces the one-forms of (3.14). The left-invariant vector fields dual to these
one-forms are 5 5 P

Ly = — Ly = —, Z,=— +mr—,

Yy 0z dy

and these generate the right action G of the Heisenberg group on G. Similarly, we

(3.20)

can construct the right-invariant one-forms P = dgg~" (which can easily be seen to be
invariant under g — g¢'), and the right-invariant vector fields
~ 0 0

7, =2 s z-< -2 21
8x+m28y Y (3.21)

!

(S))
!

Q

Note that the vector fields Z,, Z, generate symmetries of the nilfold metric (3.15),
which means they are potential candidates for generators of T-duality transformations,
as discussed in the Buscher construction. Starting with Z,, we can apply the Buscher

rules in the y-direction to obtain the T with H-fluz, with metric and B-field given by
ds* = dz* + dy* + dz?, B =maxdy A dz. (3.22)
Note that the general construction of the 7% with H-flux is

ds® = da® + dy? + d2?, H =mdz Ndy N dz, (3.23)
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but we automatically have a specific B-field gauge due to the choice of matrix repre-
sentation for the nilfold from which we constructed the left-invariant one-forms.

Note also that these background do not constitute string theories on their own,
but we usually imagine them to be embedded in larger backgrounds which overall are
string theories.

Now, going back to the nilfold, we see that we also have an isometry generated
by Z. (i.e. constant shifts in z), but since Z. is only right-invariant, it is not globally
defined on the quotient G/T", since this is defined by the left action of I'. In fact, under
a shift in the base © — = + 2, we find that Z, — Z, — mZy. Thus, technically, the
conditions under which we may apply the Buscher procedure are not met because we
need a globally defined compact isometry. However, we usually get around this problem
by arguing that we go to a covering space where the isometry is globally defined. In
this case, this amounts to decompactifying the z-coordinate so that the space now
has topology T? x R. Now Z, is globally defined and we can apply the Buscher rules,
which gives what we refer to as the T-fold, with background

1
ds® = da® + ———— (dy* + dz*), B= me

1+ (m:(:) D) (dy A dz). (3.24)

1+ (ma)

Since we are trying to compute the T-dual to the nilfold, we suppose that we should
recompactify x after this duality. However, notice that neither the metric nor the B-field
for the T-fold are periodic under x — x + 27, so this is not a smooth geometry in the
usual sense. However, this is a well-defined geometry modulo T-duality transformations,
i.e. if we allowed for T-duality transformations in the transition functions, then we can
patch together local coordinates without issue (hence the name ‘T-fold’). Thus, we
describe this as a ‘non-geometric background’ in that it is not a manifold in the usual
geometric sense. From the perspective of a string moving on this background, if we
consider T-duality to be a symmetry of string theory, then the string does not ‘see’ this
background any differently from the geometric backgrounds since T-dual backgrounds
are equivalent. This is an example of how strings see geometry differently to point

particles.

3.2.1 R-flux

The chain of dualities described here (H-flux — nilfold — T-fold) is suggestive of a
third T-duality; namely, that of a T-duality in the base coordinate x. Of course, there
is a problem here in that these backgrounds have explicit z-dependence, and as such

we do not have an isometry in the base. However, the structure that emerges here, and
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which is particularly apparent in doubled geometry, suggests that such a duality still
exists, even if it is unattainable via the Buscher procedure. If we try to handle this
r-dependence by saying that we simply replace z with the dual coordinate z, we can
imagine the duality as replacing the base circle with a dual base with coordinate 7,

and the gauge algebra would then become
[T7,T;] = NyjZa, [(X*,T;) = —N,/Ty, (3.25)

ie. X* < Z,, giving the so-called R-flur algebra. This may seem promising, but
when we discuss polarisations below, we will see that it is a non-trivial matter of going
from a doubled gauge algebra to a valid, undoubled background. In any case, since
the starting point lacks any theoretical justification, i.e. since we cannot apply the
Buscher procedure and we have no other way of justifying the duality, any discussion
around the R-flux is necessarily speculative. We will revisit the idea of non-isometric
T-duality more generally in sections 6.9 and 9.1.3, though we will not settle the issue
in this thesis.

Let us now view these backgrounds from the perspective of doubled geometry. Here,
we will see that, when we double the T fibres, the T-fold background can be described

in a fully geometric sense.

3.3 Torus bundles in doubled geometry

It is illuminating to consider the above backgrounds from the perspective of doubled
geometry. The monondromy matrix N defining the fibration of a T?¢ over an S* can

be decomposed as

v K .
N7 = Ju A (3.26)
Q/W _fl/'u
where Nry = =Ny, Q" = -Q", K,, = —K,,, and we have fibre indices y =1, .., d.

We refer to f, K, (Q respectively as geometric flux, H-flux and non-geometric flux. f
can be thought of as the monodromy of a T fibration over a circle, and K should be
thought of as the H-flux for such a torus bundle. If we only have these two fluxes, then
this background is a geometric background in the sense that we can describe it with
a well-defined geometry [12]. If the matrices (3.26) generate O(d,d), then matrices
with @ = 0 are said to be in the geometric subgroup of O(d, d). Matrices with @ # 0
are not equivalent to any kind of twisted torus bundle. Instead, they are equivalent

to non-geometric backgrounds where the transition functions defining the background
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include O(d, d; Z) transformations (generalised T-duality transformations). As seen
above, such backgrounds are referred to as T-folds. Turning to the T2 fibrations
considered above, when we double the fibres to a T, note that all O(2,2;Z) actions
have a geometric action on the fibres now since O(2,2;7Z) C GL(4;Z). Starting from
the nilfold again, we have torus coordinates X! = (y, 2z, ¢, Z), where the monodromy
now acts as

(x,y,2,9,2) = (x+ 27,y + mz, 2,7, 2 — mgy). (3.27)

Note that the monodromy does not mix the ‘original’ and ‘dual’ coordinates, which
means that the action can be projected onto a T? submanifold, as we already know.

This can also be seen from the fact that the doubled metric (3.2) in this case is simply

_ (9 0
H= (0 g) : (3.28)

where g is the nilfold metric given by (3.15). So far, this is all a straightforward
doubling of the usual nilfold construction. However, we can instead construct the
nilfold as a quotient 7 = G/T", for some group manifold G and discrete subgroup T'.
As we did for the undoubled case, we can construct a matrix representation for G and
define a I" such that the global identifications are those of (3.27). Once again, we can
then construct left and right invariant one-forms and vector fields. The left-invariant

one forms are

P* =dx, PY =dy — maxdz, P? =dz,
Qy=dy,  Q.=dz+mady. (3.29)

Note that there is no @), since we have not doubled the base. The dual vector fields are

0 9, 0

z,-2 oz -2 7z -9 2

T ox’ Yo oy’ ? 8z+mx6y’
0 0

Xv= s -
o me =, (3.30)

which obey the commutation relations
Zy, Z,) = mZ,, [Z2, XY] = mX7, (3.31)

which is indeed of the form (3.7).
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Now, we would like to obtain the H-flux and T-fold backgrounds from this via
T-duality. Looking at 7, we find that we can recover the standard nilfold background
by taking the quotient 7/ G, where G is generated by the right-invariant vector
fields X¥, X?. Since T-duality in the doubled formalism simply amounts to a geomet-
ric O(d, d; Z) transformation, we can in fact obtain the T with H-flux and T-fold
backgrounds from 7T as well, through different choices of polarisation, which we now
demonstrate.

We define the polarisation as follows. On the doubled 7T#, we have coordinates
XI. To project out a T2 from this, we must construct two ‘physical’ coordinates (y, z)

which are linear combinations of the X!. We would then choose (7, Z) to be different

linear combinations for the dual torus. Denoting these polarisations by IT",, 11 ul> We
have full polarisation
o' = (H“I, Huz) ) (3.32)
and the coordinates for the 72 are then given by
)
I Iyl <
X'=0,X=1|_]. (3.33)
)
z

It can be shown that a T-duality transformation O € O(2,2;Z) transforms the

polarisation as
0 — 00, (3.34)

and the generalised metric H transforms as
His — (O Hg OF, (3.35)

and thus we can read off the new background using this transformation. This is
essentially the Buscher rules written in an O(d, d) covariant manner.
For the nilfold, from our starting point, the polarisation is simply the identity,
© =1, so that we have
(y, 2,7, 2) = (X1, X2, X3 X*). (3.36)

As we saw, we can read off the nilfold metric from the subsequent doubled metric H.
For the H-flux, since this is obtained by T-duality in the y-direction, the O(2,2;Z)
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element that we need is

0010
01 00

0= (3.37)
1000
0001

This gives the polarisation

0010
0100

0= , (3.38)
1 000
0001

i.e. the same as O (since we started with the identity matrix), which gives the

coordinates
(y,2,9,2) = (X, X%, X1, X). (3.39)

We can also read off the new generalised metric as

1+ (mx)? 0 0 mx
0 1 2 - 0
M= + (ma)” —mz (3.40)
0 —m 1 0
max 0 0 1

From this, we can read off the metric and B-field from the general form of (3.2), and
we do indeed recover the H-flux background (3.22). If instead we T-dualise the nilfold

in the z-direction, we have

10 00
0 001
0O=0= , (3.41)
0010
0100
with coordinates
(y,2,7,2) = (X', X!, X3, X?), (3.42)
and generalised metric
1 0 0 —mx
0 1 0
M= e . (3.43)
0  mz 1+ (mz)? 0
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Once again, we can read off the background and we find that we recover the T-fold

(3.24). The monodromy matrix for the T-fold can also be read off as

Q= ( 0 m) . (3.44)

-m 0

Of course, this is not in the geometric subgroup of O(d, d;Z) and, as stated earlier,
the monodromy includes a T-duality transformation. This is exemplified by the global
structure

(x,y,2,9,2) ~ (x+ 27,y + mZ,z — my, 7, 2), (3.45)

i.e. the (y,2) and (7, 2) mix. Thus, even though locally we may identify coordinates
(y, 2) for the ‘physical’ T2, globally these cannot be separated from the dual coordinates
(g, 2). However, notice that, in its doubled form, the T-fold background is periodic in
x and is on exactly the same footing as the nilfold and H-flux. This is because, as
stated above, the full O(d, d;Z) has a geometric action on the 7%, and so the mixing
of the coordinates is no different, from the doubled perspective, from the nilfold, say.
When we read off the metric and B-field, we are essentially projecting out the dual
coordinates, and the non-geometric nature of the T-fold is equivalent to saying that we
cannot consistently define such a projection globally. For the R-flux, if we attempted a
similar construction, we would find that such a projection cannot even be made locally
[12].

3.4 Sigma model formulation for twisted tori

It is possible to frame all of the above starting from a worldsheet sigma model [12].
We will start with the undoubled case, i.e. we will see how to embed the worldsheet
sigma model in torus bundle target spaces. Then, we will see how this generalises to

the doubled case and how we can recover the undoubled torus bundles from this.

3.4.1 The undoubled torus bundle sigma model

In general, suppose we have some torus bundle A" which is a 7% fibred over some
k-dimensional base M. We introduce local coordinates on M z% uw =1, ...,k, and, as

usual, we have coordinates z* on the T%. We write the metric on N as

v yAR AY AP
’Caﬁ — g + g/J« u v gﬂp v 7 (346)
gVPApu uv
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where «a, 8 are coordinates on N, with * = (2% z), @« = 1,....,k + d. Here, the
one-forms A* = A dx* can be viewed as U(1)? connections of the T fibration.

Then, the sigma model on N is given by?

1 1
Sv =35 / Kuda" N xdz® + 5 / Gud2" N\ *dz" + / dz" N xJ,, (3.47)
b > Y

where Koy = guv + g A", AV, and J, = g, A”,dx", and all objects are pulled back to
the worldsheet as appropriate. In the case when the base is a circle and we have some
geometric monodromy e/ (we are only dealing with geometric monondromy for the

undoubled case), we have the IC-invariant one-forms
Pt = (el™) dz¥,  P" =du, (3.48)
where x is the circle coordinate. These one-forms satisfy the Maurer-Cartan equations
dP”* =0, dpP" — f*, P* N P" =0, (3.49)
and we can write the action as

1 1
S =5 [ kP nsP 45 [P nsP” + [ P2 A, (3.50)
% % %

where & = 1+ hy, A* A”, and g,,,(x) = (/%) Phyo(e!”)?,, ie. his the 2-independent
metric obtained when we factor out the twists. Let us now see how this works in the

doubled formalism.

3.4.2 The doubled torus bundle sigma model

We now have a target space 7 with doubled torus fibres 72¢, and the setup is similar

to the above. We have metric

K = (guv + 3 AR AL, iHIKAKv) : (3.51)

1 K 1
sHikA®, SHi1s

where H is the usual doubled metric on the doubled torus fibres and the doubled
connection A’ = (A*, B,,), where B is the B-field, i.e. the B-field is now incorporated

into the geometry, as we would expect for the doubled formalism, though this is only

2Where *dz = —dz, *dz = dz.
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for the B-field in the toroidal directions, since the base remains undoubled. The
presence of the B-field means we now have a Wess-Zumino term, and we also have a
topological term which is necessary for the quantum theory, so overall the action is
St = Sk + Sy, + Sq, ie.

1 1 1 1
Sy =5 [ Kuuda® nsda® + 5 [ Hygdx! psax? = [ ax a4+ [ Qupax! pax”,
P ) ¥ ¥

(3.52)
where J; = H;; A7 — Ly x A7. We have the self-duality constraints

dX! = LY (H i = dXS + xJ5), (3.53)

which are needed to ensure the correct number of degrees on freedom (i.e. we need the
same number of degrees of freedom as the undoubled case).

Once again focusing on the circle case, we have one-forms
P* = dx, Pl = (M) ,ax?, (3.54)

where we now have a general twist N, and these once again obey the Maurer-Cartan
equations
dP* =0, dP'— N, P° AP/ =0. (3.55)

The action in this case becomes

| | 1 1
Sr=3 / ICPTAPT+ / My P AP 42 / LisP A7+ / QpdX! AdX, (3.56)
> > ) )

where Hrs(z) = (e™) X Mg (e™®)L; defines the z-independent doubled metric M.

In order to recover an undoubled background from this, we need to select a
polarisation. As discussed earlier, if the background is geometric, we can specify
coordinates z# for the ‘physical’ torus and Z, for the dual (or ‘auxiliary’) torus, and
such a choice can be globally defined. If we have a non-geometric background, such a
choice can only be made locally at best.

Recall that 7 = G/T', and that we have an isometry group G C G generated by
the X¢, which themselves are chosen by a polarisation X® = I14T. The undoubled
action corresponding to this polarisation choice is recovered by gauging this subgroup

G1. We will not give the details here, but they can be found, for example, in [12].
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Finally, we will mention that it is indeed possible to also double the base to have a

fully doubled target space, and the generalisation is mostly as one would expect from
the doubled fibre case.



Chapter 4

Algebraic T-duality

The Buscher procedure discussed in chapter 2 can be thought of as the ‘traditional’
approach to T-duality and is certainly the most established. Here, we discuss a different
approach to T-duality; namely, a worldsheet CF'T approach. To do so, we will also
discuss ideas such as universal coordinates. First, we will introduce the ideas developed
in [26] that explain how we can use automorphisms of the CFT algebra to construct
symmetry deformations of the CF'T fields such as the stress tensor. Then, we will
discuss algebraic T-duality in detail. Our discussions regarding 0.X,, deformations and
T-duality in this chapter will be largely based on [15], though much of the discussion
surrounding the T-duality charge and nuances such as gauge equivalence of different

charges is original work done in collaboration in [1].

4.1 Symmetries and automorphisms

A given worldsheet CFT is defined by the stress tensor and its commutation relations
with the primary fields of the CFT. Thus, given two CFT algebras A;, Ay, and an
isomorphism between them ¢ : A; — A, which maps stress tensor to stress tensor,
the two CFTs corresponding to the algebras A;, Ay are isomorphic. Additionally, we

require that equal time commutation relations are preserved, i.e.
(A, B]) = [(A),u(B)], (4.1)

for any A, B € A;.
We will be interested in constructing new CF'Ts from some starting point, and in

particular we will be interested in deformations which can be described as deformations
of the fields in the CFT. Given a CFT with algebra of operators A, if we define the
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map

W(A) = A+i[Q, Al (4.2)

for any fixed, infinitesimal operator @), then this is a valid CFT isomorphism and
so such transformations generate CFT deformations (this can be verified using the
Jacobi identity). In particular, given a stress tensor Ty, the CFT with stress tensor
Ts +1i[Q, Te) is isomorphic to the original theory. Furthermore, if we can find a @ such
that

To +i]Q, To] = To 150, (4.3)

then the field deformation
o — 40P (4.4)

is a symmetry transformation of the spacetime fields which make up the CFT. We
therefore would like to find such operators () which correspond to spacetime field
deformations.

As is well-known, the addition of a (1,1) primary field (i.e. a vertex operator) V' to
the stress tensor, T'— T + V, is induced by turning on a deformation in the action
corresponding to the vertex operator V', and this deformation can be described by a
deformation in the fields. Such deformations are called canonical deformations. Thus,
if we have a canonical deformation which also happens to be of the form (4.3), then
we have a symmetry of the theory given by field deformations. Such a deformation is
found by defining () such that

Q:fi (4.5)

where J is some (1,0) primary field. In this case, [@,T] is a (1,1) primary field and
therefore () induces a canonical deformation that can be interpreted as a deformation
of the spacetime fields and is a symmetry of the theory.

Such observations have been used extensively in the literature. For example, [36]
used this to demonstrate a Higgs mechanism for string theory. Specifically, they showed
how the SU(2) gauge symmetry is dynamically broken by turning on a massless scalar
deformation at the self-dual radius, and they showed how massless fields at the SDR
gain mass via Goldstone bosons. They used integrated deformations of the form (4.5)
to determine how the stress tensor was deformed under such symmetry breaking.

The above discussion regarding () was for infinitesimal deformations, but this can
easily be extended to finite deformations by considering the exponential ¢? acting on

operators as
A — 9 A9, (4.6)
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where A is an operator in the worldsheet theory.

Any valid operator () will generate a symmetry, but the interesting cases are when
the automorphism admits an alternative description of the physics. We will specifically
be interested in describing T-duality via such an (inner) automorphism. For us, the
starting point is the key observation of [27] that T-duality on a circle may be understood
as a residual discrete symmetry that endures after the breaking of a larger enhanced
gauge symmetry. The larger symmetry is only manifest for special backgrounds and it
is in this sense that T-duality should be thought of as a gauge symmetry of the target
space. If the operator A is the stress tensor of a string theory and @) is such that the
automorphism maps it to a stress tensor of an apparently different string theory, then
the symmetry can be thought of as a string-string duality.

The automorphism (4.6) is a symmetry of the theory and so any infinitesimal
deformation of the form

5A =1i[Q, Al (4.7)

gives a symmetry of the theory. This can be contrasted with general transformations,
generated by vertex operators, that correspond to genuine physical deformations of
the theory. This description of gauge symmetry is elegantly encoded in the BRST
framework of String Field Theory, wherein symmetries of the target space are generated
by BRST transformations of the string field!

S|T) = QplA) + ..., (4.8)

where +... denotes non-linear terms. As mentioned, we will be interested in conserved

charges of the form
Q= §d=AJ(2) (4.9)

where J(z) is a weight (1, 0) holomorphic worldsheet current, or the obvious antiholomor-
phic counterpart, or combinations of both. Examples include B-field transformations
and diffeomorphisms of the target space, where the appropriate conserved currents
are J = £0X"(2) + (;0X*(2). Questions of conservation (commutation with the world-
sheet Hamiltonian) and the fact that the natural symmetries from the target space
perspective can be simply understood in terms of the combinations X% (z) 4+ X% (2),
rather than X(z) and X} (2) separately, indicate that the most natural language in
which to discuss these symmetries is the canonical one in which the worldsheet has a

Lorentzian metric.

1See [37] for details.
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As discussed above, at special points in the moduli space of string backgrounds we
see an enhancement of the target space symmetry as additional states become massless
and form multiplets of non-abelian gauge symmetries. In particular, we studied the
classic example of the Halpern-Frenkel-Kac-Segal (HFKS) mechanism [38-40] in which
the d commuting currents H* = i0X} (z), where i = 1, ..d, are joined by the currents
Eyiq =: e¥*Xi() . which are weight (1,0) at this enhancement point in the moduli
space. The «; are the root vectors of the enhanced group, which has rank d. One
perspective on this [20] is that the enhanced symmetry is a gauge symmetry of the

background independent theory that is generically broken by a choice of background.

4.2 T-duality as a gauge symmetry

Throughout this thesis, we will often refer to the self-dual point as a kind of reference
background with respect to which we consider operators of other backgrounds. As

such, it will be useful to distinguish this background, so we define
0, = 0X,(E=G),  0¢,:=0X,(F=Ga), (4.10)

= XEE=G), = XB(E=G), (4.11)

where we recall that the background E = G refers to the enhanced symmetry point
G =1,B = 0. At this point, it may be confusing to the reader why we do not simply
say that ¢# = X#(E = G). As we will see shortly, and as alluded to earlier, we
will be working in a regime where we consider the coordinates X* to be universal,
i.e. background independent. It is therefore more appropriate to state the definitions
(4.10), (4.11), since the objects that appear here are not universal. Note that in the
d = 1 case, we will simply write d¢, etc. rather than 0¢,, etc. for ease of notation.

Let us consider the d = 1 case where, at the SDR, the U(1), x U(1)g symmetry
is enhanced to SU(2);, x SU(2)g, generated by currents d¢, e=?%L for SU(2); and
similarly for SU(2)g. As discussed, away from the SDR, the gauge symmetry breaks
to the Cartan U(1) x U(1) with a residual discrete Z, gauge symmetry which could be
identified with T-Duality in the circle. [15] showed that the charge responsible for the
action of the Zy C SU(2)y is

1 .
Q=3 f do sin (261,()) . (4.12)
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Furthermore, it was shown that this could still be used to generate the T-duality
transformation away from the self-dual radius, even though the current sin(2¢y (o)) is
generally not conserved?. The key was to write the fields of the theory at radius R in
terms of the fields defined at the self-dual radius. This then ensured that the action of
the charge @) could be computed on fields defined away from the self-dual radius. Thus
the effect of an automorphism, by this charge, on the operator algebra of the theory at
generic radius could be computed. It was shown in [15] that this procedure correctly
reproduces the Buscher rules. In fact, all discrete O(d, d;Z) transformations can be
expressed as worldsheet operator algebra automorphisms, and this was demonstrated

explicitly for d = 2 in [41]3. Importantly, if

Op= A ]{ do sin (26, (o)), (4.13)

the current is not of weight (1,0) and this charge will not be conserved for general
values of A. Surprisingly, the automorphism still makes sense away from the self-dual
radius if A = % We shall discuss why this is the case in section 4.3.

The main result of [15] stems from the fact that, at the self-dual radius,
e 9o¢p(0)e? = —0¢(0), e Qo¢(0)e™? = (o). (4.14)

Away from the self-dual radius, the transformation is more complicated. If one knows
how to write the fields of the theory at a particular background, e.g. at R = 1, in
terms of the Hilbert space of another background, then (4.14) can be used to deduce
the duality transformations. We can define a basis for the operators at a given point.
Most of our considerations will involve the operators constructed from combinations
of d¢ and d¢. The natural way to do this is to define a connection on the space of
backgrounds and then to parallel transport, with respect to that connection, the basis
of states or operators at a point of enhanced symmetry to the background of interest.
This may sound like a tall order, but some progress has been made on this general issue
(42, 20, 22, 43, 44] and, as we shall see later, this issue simplifies greatly in a certain

class of backgrounds. We will discuss this in more detail in chapter 5, but for now we

2Since the coordinates are dimensionless in our conventions, the charge looks different to that
given in [15].

3Note that, whilst the T-duality automorphism involves the currents J%3, the automorphisms
corresponding to other generators of O(d, d;Z) only include the currents J*!, J'. Thus, even within the
0O(d, d;Z) gauge symmetries, T-duality is still special in that it is inherently a stringy symmetry since
it originates from the SU(2) symmetry enhancement, whereas the other symmetries are abelian [41].
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will recover the results of [15] for the flat torus. Later, we will show how we can apply

these results to the backgrounds considered above, i.e. the nilfold, H-flux and T-fold.

4.3 An algebraic approach to T-duality

Most work on T-duality has focused on the Buscher construction, which gives central
importance to the existence of compact abelian isometries [7]. The observation of [27],
that T-duality may be thought of as a residual discrete gauge symmetry, provides a
framework in which to think about T-duality without reference to isometries of the
target space.

In this section we review the approach to realising T-duality as a Z, automorphism
of the operator algebra of the worldsheet theory. For illustrative purposes we focus
on the simplest case where the target space is a circle at the self-dual radius R = 1.
In this special case, the Zy is a discrete subgroup of the larger SU(2), x SU(2)g
automorphism that appears at the self-dual radius. We shall discuss more general cases

in the following section.

4.3.1 Universal coordinates
Recall from chapter 2 that for the string embedding in a flat torus, we have the
equal-time commutation relations

[X*(0),11,(c")] = i6(c — ') o* (4.15)

v

where we take 7 = 0. Given that this relation is independent of the background
E,,, we say that, for fixed 7, the fields X (¢),1I(o) are universal, i.e. independent of
background [20].* This idea is an old one and is discussed for example in [20], and it
allows us to compare objects constructed out of these universal coordinates at different
backgrounds.

The requirement that X#(o) and II,(c) remain the same as we change the back-
ground F,,, means that the oscillator modes must be background dependent. Identifying

X*#(o) and II,(0) on different backgrounds, E,,, and E , requires that the modes are

4We are really only requiring that these fields are universal in a local region of the space of
backgrounds that we are interested in.



4.3 An algebraic approach to T-duality 47

related by®
29,04 (E') = (E}, + E, )ak(E) + (Eu — B}, )a",,(E), (4.16)

29),,04(E') = (B}, — E'y,) 0" (E) + (B + B, )al(E), (4.17)

where o#(E), ak(E) are the oscillator modes of the string embedding into the back-
ground specified by E,,,. The momenta and winding p,, and w* do not change (they
are defined as background independent in our conventions). We can see that the of

and af transform in line with (4.16), (4.17) from their definitions

1 iy 1 ,
QWOZS = ﬁ <pu - E;uzwy)a Gy = E (pu + El:f,jw ) (4.18)

This notion of universal coordinates is useful in understanding how the Zy C SU(2) x

SU(2) gauge symmetry at the self-dual radius generalises to other backgrounds.

4.3.2 The T-duality charge

We shall look for a charge @) that generates an automorphism A — €@ Ae~*? which
has the required Z; effect®: ¢Rdge '@ = —9¢ and e ?0pe~? = d¢. The fields ¢, (o)
and ¢p(0) do not have to produce a nice operator algebra independently, but the
combinations ¢x(c) + ¢, (o) do. The Zy automorphism simply exchanges these two
linear combinations, giving a sigma model description in both cases.

Working in d = 1 for now, we define

Op= A 7{ do cos(26,(0)), (4.19)

>This quantisation at 7 = 0 is related to a quantisation at generic 7 by the usual relations o, (7) =
e~ o, (0)e™ko = e7Tq,, (0), where the second equality follows from standard commutation
relations. We notice that X (o,0) — X (o, 7) if we also change @ — a# + 7¢""(p, — B, ,w”) = 2*(1),
which has a clear interpretation as a translation arising from a unitary time evolution, i.e. X*(o,T)
takes the same algebraic form as X*(o), but with the replacements of z#(7) and o () for z* and
ok Thus, universal coordinates defined for generic fixed 7 have the same algebraic form as the 7 =0
case, so the notion of a universal coordinate does not depend on the choice of 7 (but a choice must be
made).

6Note that we could equivalently choose the duality to act as ¢ — —d¢ and leave d¢ invariant.
This is equivalent to swapping X’ and II with an extra minus sign inserted, which also preserves the
canonical commutation relations.
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which we note is invariant under the periodicity ¢, — ¢; + 7. The action of Q5 on

J0¢(0) may be written as

"9 (0)e” " = 0(0) +1[Qn, 0¢(0)] + Z[QA, [Qu, 09 (a)]] + .., (4.20)

with the ellipsis denoting nested commutators at higher order in A. Since we are in
one dimension and at the self-dual radius, we do not need to worry about indices being
raised or lowered (we take the relevant component of the metric to be normalised to

unity). Computing the leading contributions gives”:

[Qn,06(0)] =A f do'[eos(26,(c")), ()]
=— A?{dal [1 — Z!(%/)z(ff') + .., 0. (0)

= — 2mAisin(2¢,(0)), (4.22)
and

Q. [Qn, 96(0)] = = 27A%  do” [cos(20,(0)).sin(26, ("))
=(27A)? % do' 6(o — a")0p(c")
=(27A)*0¢(0). (4.23)
It is clear that the next term [Qx, [Qa, [@r, O9(0)]]] is proportional to sin(2¢, (0)).
Continuing in this fashion, we see that successive nested commutators will alternately

give terms proportional to sin(2¢;) and d¢ with coefficients that are straightforward

to determine. Putting this all together gives [15]

Q19 (o)e A

(2nAi)? (27 Ad) . o (2mAd)? (2nAG)° :
= <1 + o + 1 + ) 0o(o) —i (27TAZ + i + = + ) sin(2¢ (o))

=cos(2mA)0¢ (o) + sin(2wA) sin(2¢, (0)). (4.24)

"Note also that

09 = %(H -X') = %(—fhl +or — o — o) =—0, . (4.21)
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In our conventions, the choice A = 1/2 gives the required transformation and so if we
define ) = Qy/2, we have
e Qop(0)e? = —0¢(0). (4.25)

Thus, @ is a suitable T-duality charge. Of course, at the self-dual radius, any choice of
A generates a symmetry of the theory as @ is built from a (1,0) current. What is
interesting is that, even away from the self-dual radius, the charge () defined above still
gives a symmetry of the theory, as we discuss below. Note that we can equivalently

use the charge
Q- ; § dorsin(20, (). (4.26)

We get exactly the same transformation either way. We shall discuss the relationships
between these charges in section 4.3.5.
For general dimensions, if we wish to compute the T-duality in the direction z*,

the corresponding charge would be

1 I
Q= j{ do cos(2¢" (o)), (4.27)

or with sin instead of cos.

4.3.3 Automorphisms away from the self-dual radius

Given that the Zs duality described above is; at the self-dual radius, a subgroup of an
exact gauge symmetry group of the target space theory, it is hardly surprising that the
duality is a symmetry of the theory. What is more surprising is that the Z, continues
to hold as an exact symmetry of the theory for any radius. In this section we review
the arguments that lead to this conclusion, but from the algebraic perspective rather
than the usual Buscher construction.

From the derivatives (2.20), we have
1
06, = 5(I, = G X"). (4.28)

We can relate 0X,(E) and 0X,(E) at different backgrounds using their expressions in

terms of the background independent fields given above. Rearranging to get

19 1 ) v
I,— B, X" = (8X#(E)+8X#(E)>, G X" =

5 (8X#(E)—8X“(E)>, (4.29)

1
2
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we find that, for 7 = 0,
OX,(E) = g”’p((EW + ETYOX,(E') + (— By + E;W)éxp(E')), (4.30)

5XM<E) =

N — DN =

g”’p((—EZl, + ETYOX,(E') + (ET, + E,{W)éxp(E')). (4.31)

These expressions allow us to determine how composite operators defined in terms of
0X,(E") and 0X,(E') transform under the automorphism generated by charge @ if
we know how the operators 9X,(E) and 0X,(E) transform. So, for example, if d = 1,

1 _
0X(E) = 3G <(g LG9+ (G — g)a¢>, (4.32)
where we use ¢ without index in the d = 1 case. From this, we deduce
e COX (F)e @ = ;G1< —(g+ G + (G — g)éqs). (4.33)

More generally, if we know how an operator F(F) defined at a background E transforms
under T-duality, then, if we know the relationship between F(E') and F(E), we can
use the definition of the charge () in the background E to determine how the symmetry

acts on F defined at the background E’. For example, the chiral stress tensor
T(o) =g¢g"0X,(E)0X,(E) (4.34)

is clearly invariant at the self-dual point E' = G, but transforms in a more complicated
manner at other points of .Z;. It was shown in [15] that the charge of the kind (4.19)
maps a stress tensor to a stress tensor, for generic radius, only for the value of the
parameter A = 1/2 (in our conventions). Thus, for this value of the parameter, the
automorphism is not only a symmetry of the conformal field theory, but relates one
stress tensor to an apparently different one, yielding a duality between string theories.

Furthermore, it was also shown in [15] that this mapping of stress tensors under
T-duality can be used to reproduce the Buscher rules. Given some generic background
E with an isometry in a given direction, we can use the relations (4.30), (4.31) to write
the stress tensor in terms of objects at the point of enhanced symmetry. This gives us
a general form from which we can read off components of the metric and B-field. If we
perform T-duality in the direction in which we have an isometry and then read off the

metric and B-field of our new stress tensor, we find that we precisely reproduce the
Buscher rules (2.47).
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4.3.4 Symplectomorphisms and charge conservation

All automorphisms of the operator algebra are symmetries of the theory, but those
that preserve the Hamiltonian play a special role. As such, we would like to know

under what conditions the charge Q(A) = e

is conserved. This is important as, if
the notion of universal coordinates and canonical commutation relations® is to survive
the automorphism, it must make sense at each fixed value of 7. The time evolution of

Q(A) is given by the Hamiltonian

Qr(A) = QM) (1.3)
or ¢ = ¢7HHTiQueiT  For the charge to be conserved, we require Q,(A) = Qo(A),
i.e.

eiAh — 6—iHT6Z‘Ah€iHT' (436)
We can rewrite this as
6iHT — 67iAheiHT€iAh7 (437)

which says that the automorphism preserves the Hamiltonian. This can happen in two
ways. The most obvious way is if [H, h] = 0, i.e. the functional h is constant in time.

This will be true if we can write h as
h= 74 doJ (o), (4.38)

where J(o) is a weight (1,0) or (0,1) current. In that case, [H,JJ(c)] = 0 and the
current is conserved. This is the case when J(o) generates a continuous symmetry of
the theory, such as B-field gauge transformations, spacetime diffeomorphisms, or the
SU(2) x SU(2) gauge symmetry at the self-dual radius. As the symmetry is continuous,
A can take any value in the parameter space of the corresponding Lie group.

This is not the only way to preserve the Hamiltonian. Consider a theory with
action (2.2), taking the worldsheet metric to be 7,3 = diag(1, —1). The Hamiltonian
may be written as

H= 7( do STHS, (4.39)

8The requirement that the automorphism preserves the commutation relations is already a sign
that it must be a symplectomorphism.
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where Sy = (II,,, X'*), where II, is the canonical momentum and

pv B
w9 N g " . (4.40)
Bl/pg g,uy + Bupg Bo‘l/

Indices are raised and lowered by the invariant of O(d,d); 8* = L/S; = (X'*,11,),

where
1
LY = (O ) . (4.41)
10

The Hamiltonian is invariant under the transformations
S—0S, H—-OHO, (4.42)

where O € O(d, d; Z) (the discreteness is required to preserve integer-valuedness of the

zero modes). Thus, an automorphism that generates an O(d, d; Z) transformation,
e 98¢ = 0,78y, (4.43)

will also preserve the Hamiltonian (provided H'” is also transformed). The requirement
that O € O(d,d;Z) means that A may only take certain discrete values. Thus,
we see that the condition for charge conservation is that the charge generates a

symplectomorphism.

4.3.5 Gauge equivalence of T-duality charges

In this section, it will be more convenient to use OPEs instead of commutation relations.

Therefore, working in d = 1 for convenience, the charge is now”1°

Q° = wj{dz cos(2¢L(2)). (4.44)

9The superscript in Q€ refers to the cosine function that is used to define the charge. It is included
here to distinguish it from a similar construction using the sine function.
10We define the contour integral so that the 273 factor is absorbed into the integral, so that

foEa g e
z 4

|z|=const. |z|=const.
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We also use conventions where the X X OPE is given by

1
X(z,2) X (w,w) ~ —3 log |z — wl? (4.45)

at the self-dual radius, which is the only radius we will be interested in for this section.
To show gauge equivalence of the charges, we need to show that the transformations
they induce are the same up to a U(1), x U(1) g gauge transformation. It is sufficient to
look at general derivatives of X and general exponentials of X!!. The transformation
of higher derivatives of X under an automorphism follows straightforwardly once the

transformation of ¢ is known,
e Qo pe @ = 9L RPpe @ = —9" 9, (4.47)

and this is the same for both charges. However, the transformation of exponentials
e™L is more difficult. In [15] the transformation of such exponentials is found using a
point-splitting argument, but we present a slightly different approach, via induction,

and the details are presented in appendix A. The result of the automorphsim is

je~moL(2) n odd,

e mor(z) n even.

emor(z) { (4.48)

We see that, in the n odd case, there is an extra factor of i compared to expectations.
This technical detail is discussed in appendix A.

Thus far, we have made use of the Z, symmetry generated by the charge (4.19)
with A = 1/2; however, as mentioned earlier, we could have equally well used the
charge

s __ 1 :
Q=5 f dz sin(26;,(2)). (4.49)

Indeed, it was this charge that was used in [15]. Both charges give rise to the same
action ¢ — —0¢, but they do not act in the same way on exponentials. This may
seem strange at first, but it is not hard to see that these charges are related by a
U(l)p x U(1)r C SU(2)L x SU(2)r gauge transformation generated by the currents
O¢(z) and 0¢(Z). Moving away from the self-dual radius, this symmetry is preserved,

so this equivalence of the charges holds throughout moduli space. If we use the sine

HThis follows from the fact that
e QABe 9 = ¢1Q A7 QIQ B0 (4.46)

for any operators A, B, where we rely on the associativity of the OPE.
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charge, via a similar process to the above, we find that

(4.50)

einXL N iein(_¢L+W/2)7 n Odd7

ein(=oL+m/2) n even,

where it is instructive to write an n-dependent phase on the right hand side as a shift
in ¢r. Written in this way, it seems that the effects of the two charges on ™%~ are
related by a U(1), x U(1)g transformation that gives the required shift in ¢r. To see

this, consider the automorphism generated by the charge
3 = A]{dzagb(z), (4.51)

where the 3 superscript indicates that it is the charge corresponding to the current J3.

By a simple OPE calculation, we can show that

eiQf’\einqﬁLe—iQf’\ _ e—inﬂAeinqﬁL’ (4.52)

or simply e®@ig e @} = ¢, — A. Now, denote the T-duality cosine and sine charges
by Q°, Q° respectively.
If we set A = —1/2 in Q3, we find that e™?> — (—1)z¢e™92. Thus, we have

, o [jein(—otm/2) Q% o—indL dd
gnor &y {w : { e nedd (4.53)
e

) — )
en(=oL+7/2) —inor n even.

The right-hand side is the same as the Q¢ transformation, and thus we have shown that
the effects of the two charges are related by U(1),, gauge transformations. The difference
between the cases for n odd or even can be traced to the way in which the highest weight
states in the modules L, g and Loy transform under the automorphisms generated by
Q°* (see the discussion in appendix A). It is not hard to show that the charges Q¢ and
@Q)* themselves are directly related by a similar U(1) gauge transformation, generated
by Q% with parameter A = —1/4, i.e. UQ°U~! = Q*, where U = exp (—i $dz J3(Z>).

A note on charge conservation on orbifolds

As mentioned, orbifold backgrounds are highly important in string theory for a variety
of reasons, and the T-duality of such backgrounds is well-established in many cases,
e.g. Z, orbifolds of toroidal backgrounds. Indeed, [29] explicitly construct the duality

between the state spaces of toroidal orbifolds, including the twisted sectors. There
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is a question of whether the charges discussed in this chapter are preserved under
such dualities and whether this matters with regards to the T-duality. For a simple
Zo orbifold, for example, the sine charge (Q° is clearly not preserved under the action
X — =X, but the cosine charge Q¢ is. Thus, we might say that this orbifolding
removes the ambiguity associated with the choice of charge and forces us to choose Q°.
However, if we consider a Zs orbifold of the T? say, here we clearly see that neither
charge is well-defined, but we know that the T-duality is still well-defined. If we were
to use the T-duality charges naively regardless of whether or not they were globally
defined on the orbifold, we would of course get the correct duality transformations, so
it is unclear whether the action of the orbifold on the charges matters.

Indeed, it is possible to reconstruct the nilfold with elliptic monodromy as an
orbifold [29], and given that the charge is well-defined on the nilfold it must also be
well-defined on the orbifold formulation.

We will not be focusing on orbifolds in this thesis, but this would be interesting to

clarify.






Chapter 5

Connections and Deformations on

the Space of Backgrounds

In the previous chapter, we illustrated how, using knowledge of how the operator
algebra defined at a point of enhanced symmetry transforms under the automorphism
generated by @), one can determine the effect of the automorphism at a general radius.

[15, 45, 46] also consider torus backgrounds with constant B-field. These are exact
string backgrounds and have an explicit description in terms of a worldsheet CF'T.
However, the realisation of the approach to T-duality proposed in [15] is contingent
on being able to describe the Hilbert space of the CF'T corresponding to a particular
background in terms of the Hilbert space of the theory at the self-dual point.

We are interested in finding the appropriate framework to discuss and generalise
the construction outlined in section 4.3.3. We shall argue that the identification of a
connection on the space of backgrounds with which parallel transport may be performed
(from a point of enhanced symmetry to a background of interest) provides a natural
generalization of the technique of section 4.3.3. Initially we will focus on the general
QFT case, where we will work with correlation functions and describe how we can
describe their deformations in theory space - indeed, this was the case that was first
dealt with by Sonoda [23]. Then, in section 5.2, we will see how this formalism has
been adapted to spaces of CFT backgrounds as well. It is important to do this for a
couple of reasons. Firstly, in the CFT case we can make use of surface states, and it is
useful to see how the formalism can be constructed using these instead of correlation
functions. Secondly, in the initial formulation of correlator deformations on a space of
QFTs [23], the construction was discussed in the context of the RG equations, although
they are not central to the discussion and will not be particularly relevant for us.

Therefore, it is not immediately obvious that it can be extended to the CFT case, but
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we will show that this indeed possible, based on the construction of [22]. One of the
key differences between the QFT and CFT cases is that, for CFTs, we will primarily
work with the connection corresponding to universal coordinates, which as we will
see is termed the I’ connection, whereas we will keep the connection more general for
QFTs. When we have conformal symmetry, the I’ connection is very convenient, but
for a general QFT it is at the very least unnatural and it is not clear whether it is
even a valid connection at all orders. In chapter 6, we will show how these ideas relate
to the universal coordinate construction considered earlier, and we will apply these
ideas to the twisted torus backgrounds considered in chapter 3. Let us first discuss the

general case.

5.1 Connections on the space of QFT backgrounds

We assume the existence of a space of backgrounds M, each point of which corresponds
to a nonlinear sigma model. The data that defines the sigma model - its coupling
constants, in the form a metric, B-field, etc. - define a point p € M. We can define
a fibre bundle with base M and fibre given by the Hilbert space of states H, of the
theory at p [22]. Here, we choose to work with the bundle &€ — M with fibres given by
the operators® of the theory.

The space of backgrounds we consider is that of renormalized theories parameterised
by m®(p), with « indexing the dimensions of the theory space. These parameters are
taken as local coordinates on theory space, with m® = 0 V « corresponding to the UV

fixed point. The parameters obey the RG equations

C?lma = *(m), (5.1)

where the J%(m) are the beta functions of the parameters and are vector fields on the
theory space, i.e. they span the fibres of the tangent space T'M.

The fibres of the tangent space 7'M are spanned by the beta-functions of the theory.
Similarly, and in a sense made precise in [47, 23], the fibres of the dual space T*M are
spanned by the deformation operators O,. These operators are conjugate to the local
coordinates m®(p) in the neighbourhood of a point p € M. We shall be interested in
studying connections on £ and the associated deformations of the sigma models given
by parallel transport in £ [23, 24, 47, 48].

'We have in mind here some generating set of operators {O,} that are, at the least, rich enough
to construct the deformation operators in the cotangent bundle 7 M.
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In particular, we will be studying correlation functions of operators at a point in
theory space and how they change as we move through theory space. We can define
such movement in a covariant manner as follows. At a given point p in the theory
space, we have a countably infinite set of linearly independent composite operators
{®,}, which form a basis of all operators of the theory at p. Such a basis is not unique

and can be changed by an invertible linear transformation
D, — S0Py, (5.2)

Thus, a correlation function <(I>1(21)...<I)n(zn)>p is a rank-n tensor on theory space, and
as such we would like to construct a deformation of this tensor that is covariant under
basis transformations of the form (5.2) [47].

To make the above discussion precise, we can think of the correlation function

<<I>1(zl)...<I>n(zn)>p as a formal Taylor expansion about a reference point p = py,

(@1(21).Pn(20)) = (P1(21)...Pu(2n) ) +5maia<q>1(zl)...q>n(zn)> + ... (5.3)
p Po om Po

Given the above discussion, the naive guess would be to associate the derivative with

an insertion of the conjugate deformation operator
O, = /d2z Oulz, 2). (5.4)

It has been proposed that the derivative should be more properly understood to mean?

—aia<<1>al(zl)...<ban(zn)> —lim | [ 2(0u(5)00, (). P, (20)

P e—0
Y—| ) D¢
7 7

p

+§:<rmb(p)— / dQZCa,aib(Z,p))<<I>a1(zl)...(I)b(zi)...(I)an(zn)> :

P
Dl _D¢
k2 k2

(5.5)

where Df is a disk of radius € around z;, and D} is the unit disk [23, 24, 22]. The
insertion of the conjugate operator O, is expected. What of the other terms? The
divergences caused by the short-distance singularities are removed by extracting the

OPE contribution on a finite disc. The covariance of the expression under field

2The variational formula (5.5) was proposed in [23], but has not has not been derived from first
principles as far as we are aware. A similar formula was suggested in [49].
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transformations (5.2) is ensured by introducing the counter-terms I', (p). These terms
also compensate for the arbitrariness of how we subtract the potential divergences.
Indeed, the C, are not unique. There are different ways in which one may remove
divergences in (5.5) and different prescriptions correspond to different choices of
connection in €. These are independent of z and transform as connections on the space

of backgrounds,

D, = S, )Py, T’ (p) = Suf(p) (Facd(p) + 5?(%) S Hdw).  (5.6)

Defining the covariant derivative D, = 0, + I',, this can be written in a manifestly

covariant manner as

Do ®ay(21) B, (2)) = lim / 22(0a(2)®0, (1) B (22))

p e—0 p
Zqu‘, Df

— En: / d*z C'a,aib(z,p)<<l>a1 (zl)...q)b(z,-)..@an(zn)>

1=1 Dl _pe b
i i

(5.7)

The choice of connection is, in part, given by a choice of how we deal with the
divergences. One may also combine this transformation with an automorphism of the

operator algebra (a symmetry of the theory at a given point) and write

Da<<1>a1(zl)...(l>an(zn)>p = lim |- / 22 04(2) @0, (1) P (20))
ZfUi,Df

- zn:lQa,a,-b(p)<fbal(Z1)...‘I)b(zi)...q)an(Zn)>p], (5.8)

p

where

Qo 0) = [ &2 Con(50) + e (0), (5.9)

Dl D¢
1 1

w generates the symmetry around each puncture. For CFTs, one can relate one value

of € to another by a dilation and so there is no need to take the ¢ — 0 limit. Indeed,
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different choices of € may be compensated by including an appropriate conformal
transformation in .3

This construction is related to renormalization of the sigma model and renormal-
ization flow defines a trajectory on M. The relationship between this construction
and renormalization group flow was explored in [23, 24]* (see also [47]). In particular,
compatibility of the renormalization flow of the operator O with the variational formula
(5.5) places constraints on the coefficients C,, ,,°(z,p), which are detailed in [23, 24].
This relationship with renormalization is central. The deformation operator O relates
one theory to a theory of a similar kind, with a different value of the background fields
- the theory is qualitatively the same, but quantitatively different. This quality of
self-similarity, familiar from renormalization, is the feature that defines a particular

path between two points in M.

5.1.1 Choices of connection

In [22], three connections were highlighted; denoted by I, c and & Here we will focus
mainly on the I’ connection and the ¢ connection (which is the connection originally
used in [50] to computing the deformation of the stress tensor for string theory on
a circle and is the natural choice for a general QFT). Each of these connections is
described by the pair (D, (), where 2 is as described above, and D = |J; D; is the
region around the punctures that we remove to regulate the divergences. We briefly
describe these connections here.

3The general form of the correlation function for a theory in D dimensions is

Da<ﬁ¢ai(ri)>p:li_% l— / dDr<6a(r)]jq)ai(7“i)>p

E—Uin

+§: / 4 g "(®ay (r1). @0 (77). P, () | (5.10)
gt VOI(SD_I) [e 2473 al i) Eany n » . .
T Dl-D¢

There are some differences in higher dimensions, such as the appearance of 6a(r) = 04(r) — (Oy(r))
in the correlation function and the smearing over angular directions. For details, we encourage the
reader to consult [23, 24, 47]. The limit given here reflects the fact that the connection was defined in
terms of balls of radius € whose size was taken to zero. The prescription chosen to absorb divergences
in the integral as e — 0 into Cy;* is part of what specifies a choice of connection. The prescription of
[20] excised unit discs D! from the worldsheet and hence exhibits no divergences in the correlation
function corresponding to the limit ¢ — 0. As such, 2, may be taken to vanish, although one could
choose €2, to include a finite transformation as discussed above.

4In fact, the requirement that the connection was compatible (in a way made precise in [23, 24])
with renormalization group flow was one of the main considerations in constructing it.
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The T' connection is defined by the pair (U; D}, 0), i.e. we remove a disk of radius 1
around each puncture z;. The radius 1 is arbitrary and is conformally equivalent to
any other radius. In this case, there are no divergences to subtract since we are not
shrinking the discs to zero, so 2 = 0. Note that this is only possible for a CFT since,
due to the conformal symmetry, any calculation will be independent of the radii of
the disks, so these radii may be freely chosen. It was pointed out in [22] that, using
uniformising coordinates on %, this connection preserves the metric® 4,5 on the space
of CFTs. Indeed, as observed in [44], string field theory seems to favour this connection.
Note that we have not yet shown that the above construction is valid for CFTs, but we
will show in section 5.2 that it is. Although the formulae will look quantitatively the
same, the interpretation will of course be different as there is no RG flow in this case.

The connection c is defined to subtract away any divergences as we approach the
punctures. Therefore, the disk around each puncture has radius ¢ — 0, and for a given
puncture z;, Qa,aib is the coefficient of ®;, in the OPE between the deformation operator
O, and the operator at z; which diverges as z — z;. This divergent part is computed
in an annulus € < |z — 2| < 1 (1 chosen here to match up with T'), and therefore we
can also think of the ¢ connection as follows: we always integrate up to the disk of
radius 1 around a given puncture. Then, operators in the OPE which diverge as we
take z — z; are not integrated any further, and operators which do not diverge are
integrated fully within the annulus. Practically, the way we would use this connection
is that we would work with disks of radius € removed around each puncture, and at
the end of the calculation we try to take the limit e — 0. If this limit exists, we take
it, and if not, we set ¢ = 1. This is done for each operator appearing in the OPE.

The ¢ connection is a kind of ‘minimal subtraction’ variation on the ¢ connection.
We get this by noticing that not all terms in the divergent part of the OPE between the
deformation operator and an operator insertion need be divergent in the limit ¢ — 0.
We therefore define €2 such that we subtract only the parts of the OPE which diverge
in the limit. In [22], it is explained that this is essentially just the diagonal part of the
¢ connection, which is itself the upper triangular part of the [’ connection. We will
not be particularly interested in the ¢ connection in this thesis. The focus will be on
the deformation of the sigma model and, in general, a specific choice of connection
(regularisation of divergences) will not be made, but we will state explicitly if we ever

do so.

5The metric is given by %,5(p) = (®a®g),, where {®,} is a basis describing the theory, p € M
and X is a sphere.
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5.1.2 Parallel transport

Given a suitable path in M and a covariant derivative of a correlation function in
terms of some deformation operator O, one can parallel transport operators from one
theory to another. In other words, we can describe an operator at one point in M in
terms of a basis of operators at another. We saw an example of this in the form of
universal coordinates earlier, but the discussion here is more general. We recall the
salient points of the discussion in [22] for completeness.

Suppose we have a path in moduli space m®(s’), where s’ € [0, s| parameterises the
path and the m® can be thought of as local coordinates in M. We are interested in

expressing operators (I)( ) in terms of operators ®(0) via parallel transport. This is
D

—®(s'), which can be written in

terms of the connection as

D 0 dm®(s')
Ds’ (s7) = 88(1)( )+ ds’

Lo(s)®(s") =0, (5.11)

where the connection I' can be written in terms of (D, §2). [22] showed that the solution

®(s) = ®(0)Pexp ( /d ! (3’))

s? [ d? B
— 3(0) (1 - sd;:; ra(0) - 5 (CldSQFa(O) + d;“s dd“; (015 - m)(o)) + ) |
(5.12)

to this is given by

where P denotes path ordering and m®, ', and their derivatives are all evaluated at
s = 0 on the right hand side. For our purposes, m® will essentially be the background
tensor £, and our connection will be defined by the deformation operator O and
a choice of regularisation prescription. Note that this path ordered exponential is
invariant under reparameterisations of s’, so that the parallel transport of ®(0) is in
fact independent of the parameterisation we choose, as we would expect. In chapter 7,
we will see this explicitly, in particular for the circle deformation, where we can either
choose to work with dg, the full metric variation, or 6 R, the deformation of the radius
of the circle, and both choices give the same results.

Alternatively, suppose we locally have a section of £, given by a choice of some
®(m) in some subset of M. Take some path through moduli space m(s’), s’ € [0, ],
and a connection I',(s"), as before. Unless ®(m) was generated by parallel transport

using this connection, it is not covariantly constant along this path. However, it is



64 Connections and Deformations on the Space of Backgrounds

possible to define a tensor along this path, Cﬁ(s’ ), such that P is covariantly constant,
given by [22]

d(s) = Pexp (—/ds’am;(/S/)Da) P(s). (5.13)

0

It can be easily checked that D® /Ds = 0. It is also easily seen that, in the case where
D®/Ds = 0, i.e. ® is already covariantly constant along the path m(s’), the above
equation reduces to ®(s) = ®(s), as we would expect. (5.13) can be used to relate
parallel transport by different connections. Given two distinct connections I'y, I's, use
[’y to compute the deformation of some operator ®( along some path between points in
M defined by parameters s’ = 0 and s’ = s. Call this parallel transport ®;(s), so that
®1(0) = ®g. This deformation is defined by parallel transport with respect to I'y, but
it is not defined by parallel transport with respect to I's. However, using (5.13), we
can define a new deformation of @, ®5(s’), which is covariantly constant wrt I'y, and
in this way we can relate deformations defined by different connections. If we write

Dy =0 +Ty =Dy +T'y—TY, then (5.13) becomes

®y(s) = Pexp (—O/Sdslcm‘;(;gl)oﬂg - F1>a) Dy (s), (5.14)

so the difference between the two is given by the difference between connections. In
general, the difference between connections will include differences in regularisation
and any local automorphisms. We will not take these to be physically significant and
so take ®1(p) ~ Po(p).

A point that should be made clear here is that there is a difference between the
choice of connection and the choice of deformation operator O. Given two points
p1, P2 € M, the first choice to be made is the path between the points. This essentially
defines the deformation operator @. Then, given the path, we then need to define a
connection on that path, and, as discussed above, there are many different choices of
connection one can make.

Chapters 6 and 8 will discuss the specific case of a flat background® with constant
H-flux. There, the gauge transformations of the B-field play an important role. It
is important to bear in mind that these gauge transformations are different to the
redundancies discussed here that arise from different connection choices. This is

because, if we have two B-fields that differ by a large gauge transformation, By ~ B,

6We will have in mind a 73, but we will work with R? and impose identifications on the coordinates
after the deformation.
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these correspond to different points p; # py € M, unless we impose appropriate
identifications in M. Therefore, this choice of B-field gauge is made before any
connection considerations. Another example is the physical equivalence of two sigma
models under a diffeomorphism that is not isometric, which would be described by
different points in M unless an appropriate identification is imposed.

In general, there are two types of symmetry here. On the one hand, there are
symmetries which preserve a given sigma model, i.e. which do not change the point
in M. (5.14) is an example of this, since ®; 5 must be physically equivalent, so the
relation between them can be described as a symmetry. Since this symmetry is induced
by a change of connection on the same path m(s’), the point in M, m(s), is unchanged.
On the other hand, there are symmetries between distinct points on M. Physically,
sigma models related by such symmetries are the same, but this is not apparent on the
worldsheet.

We shall be interested in the case where the starting point for the parallel transport
is a free theory, with the destination the theory with non-trivial interaction. In chapter
6, we will initially overlook these interactions by making use of the so-called adiabatic
limit [19]. Later on, in chapter 8, we will pay particular attention to such interactions
and the role they play in the parallel transport of operators of the theory. In either
case, the OPE coefficients which appear in (5.9), and play a key role in the connection”

I, are those of the free theory.

5.1.3 Example: QCD

As a concrete example of the above setup, let us look at one of the original examples
demonstrating this method of correlator deformations, that of QCD given in [23]. This
theory is characterised by parameters g;,m and gg. ¢ is an additive constant to the
lagrangian density with scaling dimension 4, m is the quark mass parameter with
scaling dimension 1, and gg is the strong fine structure constant with scaling dimension
zero. For each of these parameters, we have a conjugate operator, so-called because
the variation of a correlation function wrt a given parameter is given by the formula
(5.5) with O corresponding to the conjugate operator. For g;, the conjugate operator
is the identity operator 1. For the mass parameter m it is the mass density operator
Oy = 1, where 1) is the quark field, and the operator conjugate to g is Op = FoF,

the energy density operator.

"The connection coefficients are determined by the OPE coefficients, the regularisation procedure
used and any additional symmetries that are included. Specific examples are derived in [22].
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Since g; has conjugate operator equal to the identity operator, it does not play a
role in correlator deformations, so we will mostly focus on the other two operators.

Since these conjugate operators are scalars, we can apply the formula (5.5), which gives

_£n<q>m(n)...q>an(rn>>p = lim / A (O ()P, (). B, (1))
+i (Pmaib(p)— / dzszaib(T,p))<<I>a1(Tl)...(I)b(ri)...(I)an(rn)>p ,
. (5.15)
g ()0, 00), =l | [ (050000, (1), ),
2-U, s
+i (Fgaib(p) - / d*2Cpa,’(r, p)) (@, (Tl)...q)b(ri)...q)an(rn)>p
. (5.16)

The C,,, Cg are the OPE coefficients which are at least as singular as 1/r?, given by

O (r)®(0) = Cp(r,p)®(0) 4+ 0 (7‘14> ,

Op(r)®(0) = Cr(r, p)(0) + o (;) , (5.17)

where the o(1/r*) terms are less singular that 1/r* and do not contribute to the
deformation in the limit ¢ — 0. Note that we have averaged over the radial direction
here so that the operators appearing in the OPE expansions are scalar operators only.
The coefficients C,,,, Cr can be written as an infinite sum in powers of gg, which can

be shown using the RG equations given below. The details can be found in [23].
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As mentioned, although these formulae are not derived from scratch, it is shown

that they are consistent with the RG equations. Specifically, these are [23]

d m*
791 =4g1 + —1(98),

d 4!

i = (L+ Bulge))m,

d

agE = Be(9r), (5.18)

where the beta functions can be expanded in powers of gg near gp = 0. The conjugate
operators O,,, O have the RG equations

d m3>

G0 = (8= Anl9£)) O — 5261 (051

d / / m4 /
5108 = (4= Bp(9r)) Op — mB,,(95)Om — 7 P1(95)1- (5.19)

If O, is a basis of gauge invariant scalar operators, where O; has scaling dimension z;,

we also have the RG equations

d
J

where 7, ; are the anomalous dimensions. Using these equations, if we substitute (5.18),
(5.19), (5.20) into the LHS and RHS of (5.15),(5.16), we find that we obtain consistency
conditions analogous to the relation between the anomalous dimensions and the 1/e
poles in dimensional regularization with minimal subtraction [23]. What is also found
in [23] is that (5.15), (5.16) can be iterated to produce consistency conditions at higher
orders. For example, at second order we get consistency conditions involving the
curvature. Thus, as discussed at the beginning of section 5.1, the deformation formulae

can be shown to be consistent with the RG equations, at least to second order.

5.2 Connections on the space of CFT backgrounds

We now consider the case where we are specifically dealing with on-shell deformations
of CF'T correlators. As mentioned above, the [' connection is the natural choice here,
though many other connections are valid. The main difference with the above will be
that we can now work with surface states instead of correlation functions, which are

more subtle objects.
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5.2.1 CFT connections and surface states

The choice of which connection to use depends on what we want to preserve under
parallel transport. Given that a string background (in the perhaps limited sense of
satisfying the string equations) is equivalent to the existence of an associated worldsheet
CF'T, natural things to preserve under parallel transport are gluing properties of CF'Ts
[22]. In this way, the parallel transport of the state space of a CFT will yield another
CFT and in principle could be used to explore the CFT moduli space.

A perturbative string theory defined on a certain background, in the form of a
string field theory, may be described by the BRST charge Qp and the collection of
surface states (X,|. As such, a simple way to understand the effect of a connection
on a CFT is to see how the stress tensor and surface states transform under parallel
transport. Let ¥, , be an n-pointed Riemann surface of genus g. A surface state (X, (|
may be defined as follows. Given the states |®;) in the string Hilbert space at the i’th

puncture, the correlation functions (®;(21)...®,(2,)) are given by®

(@i(21)...Pn(20)) = <Zn,9

1®,)..| @), (5.22)

where |®;) is the state corresponding to the operator ®; inserted at the puncture
located at (z;, z;).

If we have a CFT, the general framework for constructing connections on the
space of backgrounds has been mapped out [42] (see also [22]) in terms of the surface
state ’E, zz> Such connections give a manifestly conformally-invariant way of moving
between backgrounds. As we saw for the QFT case, moving from the point p(m®)
to p'(m* 4+ dm*) with marginal operator O,, conjugate to the deformation, can be
described in terms of a covariant derivative. However, here the covariant derivative

acts on the surface states as

\En,g>p, - \zn,g>p + ome Da‘2n7g>p ¥ (5.23)
8The surface state for the matter sector may be written as
1N
(Sn,g| = (0] exp 3 Z Z Nonp (205 )0l - alP) +ah. | (5.21)
a,b=1m,p>0

where  N,,p(24,25) are Neumann coefficients (see, for example [51]) and <6| =
(01]...{0,| (2m) PSP (3, pa) » and similarly for the right-moving sector. Ghost parts have been
neglected but may be straightforwardly incorporated.
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where
n

S B DI E A S

Y—U;D; =1

Da|ny)

b Yng)p: (5.24)
where |X,,11,4; %) is a surface state with an extra puncture at the point z where the
marginal operator O, is inserted. Covariance here is defined in exactly the same
way, i.e. with respect to the basis transformations of the form (5.2) 9. For the QFT
case, the requirement of covariance came from the fact that we wanted the correlation
functions to transform in a covariant way with respect to basis redefinitions. Here, the
same is true, but we also demand covariance because a deformation defined by the
above covariant derivative will always generate a CFT definition, in the sense that the
deformed surface states will satisfy the necessary CFT sewing relations, as shown in
[22]. When written in terms of correlation functions, the deformation equations look
exactly the same for both QFTs and CFTs, with only the space of backgrounds and
the interpretation being different. Thus, in practice, there is not much to distinguish
between the two, and we will generally not be interested in these differences in this
thesis. Instead, we will be interested in how this correlator deformation formalism can
be used to extract information about the deformation of specific operators defined in a
particular space of theories, whether that be a space of CFTs or renormalized QFTs.

The effect of parallel transport by different connections on the surface states provides
a useful language in which to frame the issue of background independence in string
field theory [44]. However, it is difficult to find suitably explicit, yet interesting, string
solutions which are non-trivial torus fibrations and for which the explicit CF'T is known.
One can learn a lot by studying explicit toy models which, though not CFT descriptions
of complete string backgrounds, may play an interesting role as building blocks for
such backgrounds. Well studied examples include 72 bundles with monodromies in the
SL(2;Z) modular group of the fibre and T® backgrounds with constant volume-filling
NS flux, like the backgrounds considered in chapter 3. Such examples have been

recently studied [52] and do play a role in what are thought to be string solutions. We

9In this framework, one can see how the stress tensor transforms in such a way as to preserve
conformal invariance [42]. For the stress tensor, we can get the Virasoro generators from the two-
punctured sphere

d
L, = E@; 2, 1/z'|6n:0, (5.25)

where 2/ = 24 ) €,2". The change in the modes of the stress tensor under a change in background
may be extracted by

€L, = / d*20,;, (5.26)
D'—D

where the discs D’ and D are related by a conformal transformation generated by the stress tensor
and O is a marginal operator relating the two backgrounds under consideration.
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will study such examples both in the adiabatic limit, where they can be viewed as
having approximate conformal symmetry, and with all worldsheet interactions taken
into account. When these interactions are taken into account, such luxuries as universal
coordinates are no longer available to us. We will study this in detail in chapter 8.
These backgrounds also play a role in the well-known NS5-brane and Kaluza-Klein

monopole backgrounds [53-56].

5.2.2 A connection from universal coordinates

Which connection we choose depends on what aspects of the model we care about. It
was shown in [44] that String Field Theory selects, as a natural connection, that found
in [20], i.e. the [ connection. In this case, the connection arises not from the principle of
gluing being a CF'T operation, but from the requirement that the universal coordinates
(I1,(0), X*(o)) are preserved on backgrounds of the form Mp x 79 Put another
way, at each point on the space of backgrounds there exists a canonical set of fields
(II,(o), X*(0)). This connection transports the (II,(c), X#(o)) at one background to
the corresponding (II,(0), X*(o)) at another background, where they are identified
(up to possible symmetry transformations at that point). This is the [’ connection
studied in section 5.1 [22] and is the simplest choice of connection intuitively from the
perspective of string field theory. However, there are technical challenges to integrating
infinitesimal deformations up to finite changes of background.

It was shown in [43] that this CF'T connection is equivalent to a connection proposed
in [20] when considering string field theory on toroidal backgrounds. The virtue of the
derivation of this connection given in [20] is that it does not rely on CFT concepts and
so generalises to sigma models that are not exact CFTs. In this sense, it is a connection
that can allow us to study backgrounds that are, from a string field theory perspective,
off-shell, opening up the possibility of connecting a very wide class of sigma models to
one another by parallel transport of this connection.

Let us briefly see how this connection relates to the universal coordinate results we
reviewed in 4 for CFTs. The basic idea is to consider an object, such as the surface
state defined at a point p, and then to consider how it changes under a change of

background. To first order, this gives the connection

150y — [Sa)p = 6mOTo|S,) + ... (5.27)
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As discussed in section 4.3, 0.X,(E) defined at the background E,,, is related to that
defined at the background with metric G, and zero B-field by

OX,(B) = L(06, +00,) + 3 EnC(06, — 00). (5.28)

Given that the metric and B-field are constant, the associated mode transformation is

given by (4.16). In terms of the circle at radius R = 1 + JR, this latter result gives
day,, = 5R<ozn + oz_n), (5.29)

to leading order in d R, as found in [20]. The surface state |%,) depends explicitly on
these modes and so might be expected to transform under the change of background.
The Neumann coefficients do not change, but the «,, do, and with the transformation
(5.29) comes a corresponding transformation in the worldsheet vacuum. The vacuum
is defined by «a,,|0) = 0 = &,|0) for n > 0, and so a change in background also changes

the vacuum,
1

0 Al A=
0) — e~0), ZQn

n#0

aPSE,,al. (5.30)

Using these results, it follows [20, 44] that the Q-independent part of this connection
can be seen to preserve the surface states (for n > 2). This can be understood from
the perspective of the CFT connection as that connection which takes {D;} to be unit
discs in terms of projective coordinates on ¥, ,. The sewing relation w = 1/z then
tells us that the domain of integration ¥ — U;D; in (5.24) is empty and the connection

is of the form

FalSng) = > Dol Sngh, (5.31)
=1

i.e. just a point-wise automorphism on the Hilbert space.

As we have seen, the difference between using correlation functions and deforming
surface states is really just a difference in approach, rather than principle.

Thus, a connection such as that defined by universal coordinates gives a way
to clearly describe the transport of a Hilbert space from one point on the space
of backgrounds to another. Note that the Buscher procedure does not require the
worldsheet theory to be a CFT and so this allows us to make contact with the predictions
of T-duality applied to more general non-linear sigma models. This observation will
form the basis of the application of the procedure of [15] to various toy models based
on backgrounds such as the nilfold, T3 with constant H-flux and their non-geometric

relatives, amongst others.
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5.3 Example: stress tensor deformation

Let us look at a relatively simple CFT example. We start with a worldsheet embedding
into S*. In [50], the deformation of the stress tensor of the free boson CFT to first
order under an infinitesimal deformation of the background was derived!'®. Here, we
briefly recap this derivation as it will be important for much of our later discussions.

We start by considering the addition of the term to the action

0= A/d2zo<z, 2), (5.32)

where O is some (1, 1) primary field and )\ is a constant. The correlation function in

the deformed background, denoted by a prime, is

(®1(21,21).- P (2w ) = (@1 (21, 21).. Py (2, 2w))
+)\/d2 (2.2)®1(1, 20 By (2, 2y)),  (5.33)

where we have defined the shorthand

=¥ - DL (5.34)

Note that we are not taking the limit € — 0 here since we are dealing with a CFT. Of
course, we may still choose to take the limit if we wish, but we have the freedom to
leave € as it is for now. However, if we insert our operator of interest at some point
z = w, we will always choose our connection such that the radius of the disk around
z = w goes to zero, and we will assume that this is understood throughout the thesis.

Thus, given the correlator!!

N

<T(w)H Zz> ZZ n—2<H<1>j(zj,zj)an1>,-(zi,zi)>, (5.35)

i=1 i=1n>-—1 j#i

10Gee also [18, 57] for further discussion on the deformation of the stress tensor.

'We have used
(w—2)"2= Z n(w —z) "z — )"
n>0
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we insert the marginal operator O and compute the OPEs of T" with O and with the
®; (see [50] for the full details). We find that

<T(w)i:1]_V[1<I> (i, 2 > Z > (w—2) n_2<H(I)j(zj’zj)[’n(bi(zi>2i)>/

i=1n>—1 J#i

A L Z<O(z, )Py (21, 51)-.- D (2, zN)>, (5.36)
z

where C denotes the collection of anticlockwise contours of radius € around each of the
points (with € — 0 for the contour around w). Noting then that the RHS contains no
singularities at z = w and therefore that the integral around w vanishes in the ¢ — 0
limit, we are finally left with

<T(w)ﬁ<1> (2, 2 > Z Z w— z)" <HCI> ZJ,Z])(L D, (2, %)

J#i
— )\j{dz 2)"O(z, 2)®; (2, 5i)>>/a
(5.37)

where Cf is the contour around the point z; of radius €, from which we compare

—n—2 12

coefficients of (w — z;) and read off the shift in the Virasoro modes as

Ly — Ly — A ]{ d72"10(z, ), (5.38)

6

where Cf is the contour of radius € around z = 0. Beyond first order, the prescription
must be more carefully defined since we have multiple O insertions. We must ensure
that we define these insertions in such a way that we are able to deal with potential
singularities when different O insertions coincide. The details of our prescription for
this are given in appendix E, and we show that this does indeed give the expected

deformation for 90X .13

12Naively, it looks as though this will lead to non-trivial commutation relations between L,, and L,,
in the deformed CFT. It was shown in [42] that this is not the case.

13Note that the formalism discussed in appendix E is that of chapter 7. This is necessary since in
the appendix we take a general approach where we are not simply using universal coordinates, as
we do in chapter 6, and we are considering a general connection on the space of backgrounds. This
is similar to how we computed the stress tensor deformation above, but, since X is not a scalar
operator, its deformation is more complicated than that of the stress tensor. We will discuss this in
more detail in chapter 7.
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We note that the natural objects with which to describe the deformation in M are,

as anticipated, non-local objects - the modes - rather than local fields on 3.



Chapter 6

Connections and Torus Bundles

Having gained an understanding of how to construct deformations on the space of
theories via parallel transport, we now apply this formalism to some concrete examples.
In particular, we study the torus bundle examples introduced in chapter 3, but
from the perspective of parallel transport on the space of theories containing these
backgrounds. We consider the role CF'T connections and their generalizations can
play in understanding a special class of torus bundle backgrounds. Note that the
backgrounds considered in this chapter are in an ‘adiabatic limit” where we neglect
worldsheet interactions arising from the base of the torus bundle. We will explain
this in more detail in section 6.4. This limit essentially allows us to use the universal
coordinate formalism discussed in chapter 4 without having to worry about the specifics
of the parallel transport construction of the previous chapter. In section 6.1, we will
explain our general philosophy for this chapter in more detail.

Towards the end of this chapter we consider how the formalism discussed extends
to backgrounds which are not torus bundles, but can still be described as flux com-
pactifications. We also consider a further generalisation where the flux components
are non-constant. The content of this chapter is based on original work published in

collaboration in [1].

6.1 Twisting as a relationship between backgrounds

Consider string theory on a T? background with constant metric g, and B-field B,,,.
The space of such backgrounds is the orbifold

M = 0(2,2:T)\0(2,2)/0(2) x O(2) (6.1)
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with local coordinates m®. As we saw in chapter 5, we can parallel transport elements
of the Hilbert space along curves in (6.1) using a connection, as given by (5.12). We
would like to make this more specific to the twisted torus backgrounds we considered
earlier. Consider a path 7 parameterised by s € [s1, s3] such that any two points
on 7y are related by an action of a particular generator of O(2,2). For simplicity, we
take the parameterisation to be aligned with one of the local coordinates m on .#
and also (s1,$2) = (0,m). The mode operators («,, @,) provide illustrative examples
of operators we might transport from one point to another. Alternatively, we could
consider the case where the operators in (5.12) consist of the worldsheet currents 9.X*
and 0X*. Suppose we start at F = G, the point of enhanced symmetry. In general,
the transformation of a basis of operators given by such a parallel transport will mix
the fields together. Matters are simpler for the deformations that move us around
the space of torus compactifications. The transformation of the modes is given by
(4.16), where we note that the zero modes transform amongst themselves and so the
transformations of the fields 0.X,, and 0X . tell us exactly how the target space changes
under the transformation and we shall focus on those fields. For different deformations
of the theory, different subsets of fields may be of interest'. The relationship (5.12)

can be written as

./T[ = (6_F(m)> J.AJ, (62)
1

where we have written A; = (9X,,0X,), and A; = (0X,,,0X,) are the objects at

another background. In particular,
1 v pv 1 v T v\ 9
0X, = 3 o, + E.,G™ )06, + 5 0, — E,,G" |0y, (6.3)

where 0¢,,, 5(;5“ are defined according to (4.10). For example, we could take 0¢, =
(0¢y, 0¢,) and the deformation to generate a constant B-field

B =mdg, A do., (6.4)

giving
oY = 0o, + %(a@ —d¢.),  0Z =0, — %(&py — 96,). (6.5)

Such a deformation can be written as an automorphism

./Zl\] = €Xp < — F[J)AJ = U_I.A[U, (66)

I This would be the case if, for example, some additional fields became massless along the path.
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where

U = exp (TZ j{ do <Y(U)Z’(cr) - Y’(a)Z(o))) . (6.7)

Since A; can be written in this way, such a deformation is pure gauge, provided m is
appropriately quantised?.
A second example is the deformation

U = exp (—7; § o <Z(U)Hy(a)>> | (6.8)

This too is a gauge transformation and may be understood as follows. In terms of the
action of I" along =, we might consider the element of the parabolic conjugacy class of
SL(2)

0 m

1, — (e’r) 00

m

"1, XH (eiFT)MVXW, T = ( ) , meR, (6.9)

where I'T denotes the transpose of I' and et € SL(2). Thus, the algebra of operators
of the theory at the background at one point on + is related to that at another point
by an SL(2) transformation. In other words, as we move along the curve 7 we change
the complex structure of the torus. In this way, we can think of v as a curve generated
by a particular element of the Lie algebra of SL(2). In particular, if we chose the
parameterisation such that the metric at m = 0 is given by ¢,, = G, then the metric

7FmG€7FTm

at a point m # 0 would be given by g(m) = e . Alternatively, we can

describe this by a change in the complex structure,
T(m) =i+ m, (6.10)

on the T2 fibre, and by a general element of the Mobius group for a v generated by a
general element of SL(2). Any two backgrounds related by SL(2;7Z) C O(2,2;Z) are
identified in .#Z and so are equivalent. This is just the action of the modular group
of the T? in this simple case and we can consider transporting around closed loops,

provided the monodromy is in O(2,2;7Z).

6.1.1 Twisted backgrounds

Where things become interesting is when the above discussion inspires constructions

of non-trivial backgrounds that may be part of exact string solutions. In this case,

2Setting m € Z sets e'(™) € O(2,2; 7).
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we take the closed curve v as a physical direction in spacetime with coordinate x and
fibre the T2 over the line, varying the complex structure in the above way as we do so.
Moreover, x can be made periodic as long as the resulting monodromy is an element of
0(2,2;Z).

Thus, we have a locally smooth geometry given by a T2 fibred over a circle with
coordinate x. The monodromy of the bundle is an element of O(2,2;Z) acting on the
fields IT; := (II,, X'*) of the T* fibre, and here the monodromy along the base direction
x must be an element of O(2,2;7Z).

We can use the CFT connection to transport the theory in the fibres from one
point to another on the base and, if the fibres contain circles that are at the self-dual
radius at some point, then T-duality may be performed as outlined in section 4.3.3
following the procedure of [15]. Treating the CFT in the fibres separately from the base
gives a construction in which the duality is performed fibrewise. Such a construction
is useful, but may not always give the full story as the base coordinate may play an
important role. We will come to this in chapter 8, where we attempt to consider the
base coordinate dependence in its entirety, but for now we shall see how far we can go
without taking this into account.

The theory in the fibres is a CFT, but by including the base direction with non-
trivial monodromy, the background described by the bundle is not a CFT.? However,
using the connection construction of chapter 5, we can still make use of the same
operator deformations as we had in section 6.1. We shall apply this general formalism
to the torus bundles described above. In what follows, we shall focus only on the
(0X,,0X,,) sector and ignore any possible mixing with other fields. The rationale for
this is that, unless modes become massless under parallel transport, such mixing is not
expected to play a central role in the description of the target space of the backgrounds
we consider to leading order. Neglecting such mixing is equivalent to considering the
duality to be performed fibrewise, which we can see more concretely by considering
the mode expansion of the base coordinate. Taking the base circle to have radius R
and re-introducing the R and o dependence explicitly, the field X in our expressions
is replaced by X/R, which may be written as

R7'X(2,2) = R'z —iwln(z/z) — iX’pln|2| + I\ > 1 (anz_” + &,j‘”), (6.11)
\/5 n=0 n

where A = {/a//R? and p and w are momentum and winding numbers respectively.

The fibrewise construction, in which the field X is taken as a parameter x, is recovered

3Though it may be an important part of an exact string background|[52].
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in the w = 0 sector by taking the A — 0 limit. Thus, we see that the operator mixing
that signals a departure from the fibrewise construction enters, at least in the w =0
sector, when the supergravity approximation (A < 1) can no longer be trusted. This
can also be understood from a physical perspective in terms of an ‘adiabatic’ argument
of the type considered in [19], and we shall refer to it as such. We shall assume that we
are working in this ‘adiabatic limit’ for the remainder of this chapter, but from chapter
7 we will move away from this limit and consider the full base coordinate dependence.
In section 6.4, before we consider torus bundle examples in detail, we will give a brief
overview of the adiabatic limit and how it applies here.

An example of such a construction is the nilfold, with monodromy given by (6.9).

In this case, the analogue of (6.3) is given by

0X = 0d,, oY = 0¢, — 1mqbf’*“(&zﬁz — 99¢.),
. . 2 ) (6.12)
07 — (1 + Q(mdﬂ)?) 00 — 5 (m* 06, — Smr (06, — 04,).

and the corresponding expressions for 90X . given in (6.40). One can show that it is
not possible to find a U such that this transformation can be produced by a similarity
transformation of the form (6.6) and so this can be thought of as a physical deformation,
rather than a gauge transformation. The key difference between the two cases is that
here the presence of X (o) (or ¢"(o)) multiplying m means that the exponent in U
would have to depend linearly on mX (o); however, such a dependence is incompatible
with 0X = 0¢,. By contrast, in the pure gauge case, m is a parameter - a real number
- and so its presence in the exponent of U does not affect the qualitative transformation
properties of the fields under automorphisms with U.

The above discussion is a rather tortuous way of thinking about familiar duality
twist backgrounds [29, 58]. What is gained by framing the construction in this way
is an interpretation of the monodromy as a map between different backgrounds. In
particular, we can think of the duality twist (6.9) as a map from a way of describing a
given background E,, in terms of a reference background G,,,. If we take the reference
metric to be at a point of enhanced symmetry in .# then we can use this relationship to
describe that background in terms of a Hilbert space of fields at the point of enhanced
symmetry. This seems reminiscent of [15] and indeed we can see that, for geometric
backgrounds, this is the same construction as found there. This construction gives a
framework in which to describe fibrewise T-duality in torus bundles, which we will

come to when we discuss the nilfold in section 6.6.
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6.2 Twisting the hamiltonian

The worldsheet Hamiltonian (density) of a theory related by a geometric duality twist

HX)= (1, X') ( _;1 2 ) H, ( 6;) e_eTB ) ( )13, ) , (6.13)

where H is the Hamiltonian density at a point of enhanced symmetry, and the metric

is

g can be written in terms of a vielbein as g, = ¢ M“éabeby. Here, the twist is composed
as a product of an SL(d;Z) transformation and a B-field shift, which may be written

( 6110):<1 0)(610). (6.14)
—Be e -B 1 0 e

For example, for the SU(2) enhanced symmetry we set the radii of the circles to be 1

as

and the B-field to be zero. We may write this as

G 0
Ho = ( i ) . (6.15)

Then, H(X) = ZTG71Z + XTGX, where
Zo=e (T, = BuX"),  X"=e", X" (6.16)

We can think of (Z,, X'®) as twisted versions of (II,,, X"*). Defining 0X,(E) and 0.X,(E)
by
Z, = 0X,(E) +0X,(E), GuX'=—0X,(E)+0X,(E), (6.17)

one can show that X, = e,°0X, may be written as

0X,(E) = ; (06, + 06,) + ;EWGW (96, — 0,) . (6.18)

This is the same relationship between backgrounds as found in chapter 4. For non-
geometric backgrounds, where we can still write the Hamiltonian as a duality twist of
a reference background H = OH,OT, Z, and X* may not take the form (6.16). This

will be relevant when we discuss the T-fold in section 6.8.
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6.3 Degenerating fibres

One might consider an example where the curve v passes through a point in the moduli
space where the fibres degenerate. An example of this would be for the 72 bundle
where the Deligne-Mumford compactification of the moduli space allows us to include
points on the boundary corresponding to a cycle in the T? fibre degenerating. The

transformation of the chiral fields is
((?X):l(H—EG—l 1—EG—1)(Q¢) (6.19)
0X 2\ 1-ET'G™' 1+ ETG™ o6 | '
We see that, if the fibres degenerate (E — 0), then the matrix appearing above has a
non-trivial kernel and we can no longer transport the chiral fields past this degeneration
(the transformation is no longer invertible).

A virtue of this framework is that the emphasis is placed upon the integrability of
the connection along a path connecting two backgrounds, rather than the existence of
globally defined compact isometries. The connection of [20], defined on ., is flat and
so we can connect all torus backgrounds by parallel transport.

An interesting example where such degenerations are important is the SU(2),

WZW model, which can be formulated as a degenerating torus bundle over an interval
with metric [59]

1

2

> (d€?)? 4 cos® (ﬁ) (de?)?, (6.20)

ds%s = i(dwl)Q + sin? (
where ¢! € [0, 7], 22 € [0, 27]. The full conventions can be found in [59], but we can
see that the torus fibres of this metric degenerate at ¢! = 0, 7, where one of the circles
shrinks to zero. Although such examples would be interesting to understand better, in
this thesis we shall restrict ourselves to cases where this does not happen.

We now consider how the construction we have outlined would be applied to the
examples considered in chapter 5, i.e. the T° with H-flux, the nilfold and the T-fold.
As we know, these backgrounds are not CFTs on their own, and they contain explicit
x-dependence either in the metric or B-field (or both for the T-fold). As discussed,
we will ignore this coordinate dependence on the worldsheet for now using a so-called
adiabatic argument. Let us briefly explain the origins of this argument and how we

intend to apply it here.
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6.4 The adiabatic limit

Backgrounds such as the nilfold have explicit coordinate dependence in their back-
grounds, and, when pulled back to the worldsheet, these coordinates become operators
which in general have complicated interactions with the other fields in the theory.
When dealt with fully, these interactions are generally expected to play a significant
role in operator deformations. As mentioned above, we will deal with this background
coordinate dependence explicitly in chapter 7, but for now let us see what we can say
without doing so. This is useful because it allows us to maintain contact with the
literature where such backgrounds are considered from the perspective of supergravity
reductions [12], but, since we will be looking at these backgrounds from the worldsheet
CF'T perspective, we will still be able to derive new insight.

The adiabatic argument initially came from [19], where it was proposed in the
context of finding dualities between Type II and Heterotic string orbifolds. The issue
there was that it was not clear that the string-string dualities were compatible with the
orbifolding. The resolution to the problem was to consider an observer on the target
space moving around an S! in the space, e.g. the Type II theory on R® x S! x K3. From
the observer’s perspective, if the radius of the S! is large, then locally the observer
cannot distinguish between the target space they are on and R x K3. On this space,
one can perform the duality without issue, and so, repeating this argument locally
whilst moving around the S!, one can argue that the duality can be constructed on
the orbifold space.

We use a similar argument here, but in the context of operator deformations on
the space of CF'Ts (or more general spaces of QFTs). Suppose we have a target space
like the nilfold, where the metric has explicit dependence on the base coordinate
x. From the worldsheet perspective, the pullback of this metric will be an operator
involving X, and therefore will have non-trivial interactions with the fields we are
deforming. However, suppose we have an observer on the nilfold moving slowly around
the base. We can suppose that the effect of the twisting is smooth enough so that,
locally, the fibration can be treated as trivial and the X-dependence treated as constant
r-dependence, i.e. small deviations in x correspond to small deviations in the metric
on the fibre. Thus, we neglect interactions of X with the operators we are considering.

We could also describe this as the supergravity limit, since this is the limit where we
take o/ — 0, as discussed earlier. An issue with this is that we will discuss backgrounds,
such as the 7% with constant H-flux, which do not actually solve the supergravity
equations of motion (i.e. the first order string equations of motion), so this is not

an entirely accurate description. Also, the adiabatic description is nice because it
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presents a more intuitive picture and comes from a physical perspective rather than a
mathematical one. Either way, we will assume in what follows that we are justified in

neglecting the coordinate dependence of the backgrounds we consider.

6.5 Setup for twisted torus bundles

We start with some definitions. Consider the T bundle over S! with monodromy
eV € 0O(d,d;Z). X (o) is the base coordinate and p = 1,2...d indexes the fibre

directions*. Recall that we can decompose the twist in the fibres as

N — (CJ;;V _K;”# ) (6.21)

Note that, in general, the vielbein decomposition of a metric is written in terms of
objects with one frame index and one spacetime index, e,”. However, the matrix
(eNX)~  has only spacetime indices. Therefore, technically, to use it as a vielbein we
would need to contract it with a trivial vielbein ¢,%. We thus define objects such as

(eNX) ¢ = (eNX)“”éya, (6.22)

"

and similarly for e VX, etc.

The fields A4(0) = (e V) 4111, (o) are defined as Ax(0) = (Z,(0), X%(0)), where

Zy = (e V)L, + (e V), X"

X0 = (e—NX>a4LHu + (6—NX)a X/,LL7 (623)

o

and II; = (II,, X"). Note that the A4(co) are well defined as X (o) commutes with the
II; in the fibres. In the fibres we have (taking B,, = 0)

I, =0¢, + 00,  GuX"=—06,+0¢,. (6.24)

It will be useful to define the twisted analogues of d¢,, and &zﬁu as

Jo=5 (2~ "), Ju= 1 (24 Cul?). (6.25)

4Such constructions have received much attention as toy models to study duality and to address
issues of moduli stabilization in flux compactifications. See [60-63, 29, 33] for further details.
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Explicitly,
To = (€0 = Gule)) (06, + 00,
+; (€ = Gunle™ XV, )G (<00, + 06, (6.26)

There are similar expressions for 7,, which are the natural twisted versions of the
5¢u~ In the given polarization, we write the Hamiltonian density H = H!7(X)II;II; in

terms of a metric g, and B-field B, in the fibres,

IJ —NTX\I KL/ —NX\ J g g B,
H = (6 ) KG (6 )L = y - . (627)
B,p9” 9w + Bupg? Boy

An interesting object to consider is the chiral stress tensor
T(oc) = G*T,Ts. (6.28)
From the results derived earlier, we also know that

O¢y + 06, = E.,0X" + E,,0X", (6.29)
06y, — 0 = Gy (0X" — 0X) . (6.30)

Using these, after a lot of tedious but straightforward algebra and using the fact that

e NX € O(d,d), one can show that T'(¢) may also be written as
T(o)=g"0X,(E)0X,(E), (6.31)

where we recall that 0X,(E) is given by (5.28), E,, = g + B, is the background
tensor and g, and B,,, are defined by (6.27). This is true regardless of whether or not
the background admits a global geometric description. If the twist matrix e X may
be written in the same form as the vielbein for H!7 (as in (6.13)), then the background
will admit a geometric interpretation globally, otherwise it will not in general. We
see that T'(0) is the parallel transport of the untwisted chiral stress tensor to the
background with a duality twist. The examples we consider in the following sections
are toy models, but they do play a role in building honest string backgrounds, where
there is reason to believe a CF'T description exists. In such cases the stress tensor

plays an important role in defining the CFT. Here we restrict our attention to toy
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models and consider® T'(¢) and, in particular, how it transforms under T-duality given
by the automorphism T'(c) — QT (c)e™?.
Note that, in general, if we have a background where g, = euaéabeby and B = 0,

we can write

T = gu0X"0X" = e, 0, 0X"0X" = 60T, (6.32)

where J* = 0X*e *, ie. the J are simply the frame objects 0.X* = dX*e . When
there is a non-trivial B-field, we must instead use the doubled formalism with the
doubled vielbein given in (6.14).

6.6 The nilfold

We once again study the duality sequence involving the nilfold that we reviewed
in chapter 3, but this time from the perspective of the worldsheet in the adiabatic
approximation. This has also been studied in [12]. The nilfold metric is a 7% bundle

over S' with monodromy e~/ where

, [0 m
=(27)

and the pullback of the metric to the worldsheet is

1 0 0
Guv = 0 1 —mX . (634)
0 —mX 1+ (mX)?

Following (6.23), we introduce Z, = (e ~/*),*II, in the fibres,
Z,(0) =11,(0), Z,(0) =11,(0), Z,(0) =11,(c) + mX(o)ll,(c), (6.35)

where II, are the momentaS. Note that [X(c),II,(c)] = 0, so these objects are
well-defined. A rationale for introducing the Z, is the O(d, d) covariant form of the

Hamiltonian,

H(o) = Si(0)H (0)Sy (o) = Aa(0)GAE Ap(0), (6.36)

5Similar sentiments hold also for T(J) =G®T.Tp.
6These are also momenta of the untwisted backgrounds - they are conjugate to the coordinates
on the fibres. The universality of (II,(0), X'#(c)) means that we identify the two sets of momenta;

I, (0)|g = 1.(0)lc-
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with Aq = (eN*)4’S;, where Sy := (II,,, X"*), and the monodromy has been included
explicitly and Ay = (Z,, X?). Here, GAP denotes (6.27) evaluated at the self-dual
background (with frame indices) and may be taken to be proportional to the identity.
The Z, obey the Heisenberg-like (loop) algebra

[24(0), 2.(0")] = —imd(0—0") 2, (0"),  [2,(0),Z:(c")] =0,  [2)(0),Z:(0)] =0,

(6.37)
by virtue of the standard canonical commutation relations on the torus fibres. If we
use the relations (6.24), then the Z, of (6.23) may be written in terms of the d¢,, éqﬁu
as

Z.(0) = 0y + 0y, Z,(0) = 0p,+0¢,, Z.(0) = 0¢.+0¢. +me* (3¢, +0p,),
(6.38)
where we reiterate that the base coordinate ¢” is still considered to be universal, so
we could just as well write X, but we write ¢” for clarity and since it ties in better
with the calculations of chapter 8 where we move away from the adiabatic limit and
therefore no longer have universal coordinates.
Using the relationship (5.28), the change in the fields in going from the background
with identity metric G, to the nilfold background is

0X = 0¢,, ayza%—;mww@—a@%

. T . (6.39)
07 = (1+ 5(mo")?) 00, — S(m")*0p. — Jme™(06, - 0,).
The stress tensor is given by (6.31) with 0.X,,(F) given by (6.39). Similarly,
0X = 0¢,, 5Y:é%+;mw@@—é@y
(6.40)

_ 1 _ 1 1 =
07 = (14 5 (m¢")?) 06. — 5 (m")200. + Jmo™ (96, — D,).

Note that the change in background is a twisting of the torus, i.e. an SL(2) action on
the coordinates (Y, Z). Since the J, are SL(2)-invariant, they take the same functional
form when written using the d¢, or the 0X,. This may be checked explicitly.
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6.6.1 T-duality

The stress tensor may be written schematically as T'(o) = (0X)Tg~1(0X). The T-dual
expression is given by VTV, where V = ¢~ and so, writing 0X = U4,

VTV = (Vo VY(VIUTV (Vg VY (V UV (VT ogV). (6.41)

Assuming ¢ does not contain any dependence on the coordinate we want to dualise
along, (V~1gV) = g, and then all we need to understand is V-1UV. Equivalently, we
need to understand VTV i.e. how I';7(X) transforms under T-duality. We shall start
by studying T-duality along the Y and Z directions. Since I';” = N;7 X (o) depends
only on X (o), T-duality along the Y and Z directions has no effect and V-'UV = U.
Thus, we need only consider the factor V~19¢V which, as discussed at length in section
4.3, is well understood. We see that complications in understanding T-duality arise
when ¢ and/or U have explicit dependence on the direction we are performing the
duality in. Taken together, the conditions that V-'UV = U and (V~l¢g7'V) = g7}
are that the background is invariant under shifts along the direction in which we are
performing the T-duality. The requirement of such invariance is the key ingredient
from the Buscher perspective.
The stress tensor for the nilfold is given by T'(0) = ¢**0X,0X,,

T(o) = (0X)? + (0Y)? + (0Z + mX0OY)?

— 2 —
= (00" + (90, — 5mé*(96. = 80.)) + (06 + Smé*(96, +30,))
(6.42)

The T-dual stress tensor is given by e!?T'(0)e™*?, where we perform a T-duality along

the Y direction using the charge

1 Y
Q= ij{da cos(2¢7 (0)). (6.43)

The effect of this automorphism on d¢, (), d¢,(c) is €?d¢p,(0)e™? = —d¢, (o) and
e ?0¢,(0)e™? = O¢, (). The stress tensor of the dual theory is then

2

T(0) = (06,)° + (aqsy + ;mgbx(@gbz _ 5@))2 + (0¢z _ ;mw(a% _ é¢y)> - (6.44)

It is not hard to check that the background is that of the 7% with H-flux. Using

(6.24) and the expression (6.31), the stress tensor for the background with g,, = 0.,
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B = mady A dz is given by T(0) = (0X)? + (0Y)? + (0Z)?, where

1 - 1 _
0X = 0oy, Y = 0¢, + im(br(@qﬁz — 0¢,), 07 = 0¢, — §m¢x(8gby — 0¢y).
(6.45)
This is precisely the stress tensor found as the dual of the nilfold stress tensor, as

expected. It is more straightforward to construct the related currents 7, for the nilfold,
given by (6.26),

Te = Oy, Ty = 0y, (6.46)
Ty =06, 5 (06:—06.),  Jy =00, + ym" (00, —00.),  (6.47)
J. = 0., + ;mqu(aqby +0¢,), J.=0¢.+ ;mgzﬁ’”(aqby + 0¢,). (6.48)

The stress tensor of the nilfold may then be written as (6.28).

6.6.2 A doubled algebra

The twisted versions of the X" are given by X¢ = (e/ X )*, X", where fT denotes the

transpose of (6.33),
X*(o) = X'(0), XY(o)=Y"—mX(0)Z'(0), X*=27'(0). (6.49)

The Z,(0) and X*(0) close to form an algebra under commutation. The non-trivial

commutators are’

[Z:(0), Z.(c")] = —imd(o — ') Z,(0"), [Z.(0), XY(c")] = imd (o — ") X*(d'),
[Z.(0), XY(c")] = —imd(c — o") X" (o), (6.50)
and the central extensions
[Z.(0), X%(c")] = i0,%0 (o — o). (6.51)

This algebra is reminiscent of the Lie algebras (3.7), (3.8) that appear in flux compact-
ification of supergravity on the nilfold [33, 32] and also the description of the nilfold in
doubled geometry [12, 31]. We shall comment on this in section 6.10.

"Seen by using delta function manipulations and the fact that (X (o) — X (0/))d(c — o’) = 0.
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The commutator algebra may be seen to be a centrally extended analogue of the
doubled algebra,

[Za(0), 24(0")] = —ifa"Zc(0),
[Zu(0), X°(0")] = 16,°0'(0 = &) — i fuc X ("),

[X(0), *(0")] = 0, (6.52)

where f.,Y = —f,.Y = m. This may be written in an O(d, d; Z)-covariant way as
[Aa(0), Ap(c")] = iLapd' (o — o) — itag® Ac(a))d(0 — o), (6.53)
where Ay = (Z,,X%), t.,Y = —m (and zero otherwise) and L,p is the invariant of

O(d+1,d+1).

6.7 T3 with H-flux

We consider the case where the monodromy matrix is of the form (6.21) with f*, =
0= Q" and K,, = m € Z. Note that the J, = e¢,#0X, for this background are given
by (5.28) (with g, = d,, and B,, = m¢,) or read off from the stress tensor (6.44)
found by dualising the nilfold,

jx = a¢17 jx = 5¢x7
jy - a¢y + ;mgbz(aQbZ - 5¢z)) jy - 5¢y - ;mqsac(agbz - 5¢z)7
Jo = 00.— smi*(00,~00,),  J. =006~ smi(00,~05,). (659

which gives the components of A4(c) as

Z,=1, Z,=I,+mXZ, 2. =1L —-mXY,

6.55
xr =X, Xy =y X =2 (6:55)
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The commutation relations are then®

which, again, is of the form (6.53).

6.8 T-fold

Alternatively, T-duality of the nilfold along the Z-direction gives the T-fold. It will be
instructive to see how the background arises from the currents J,. An automorphism
with the duality charge amounts to the exchange d¢, — —0¢,, 0p, — Op,. There is
no explicit Z-dependence, so we need not worry about how Z transforms. The resulting

currents are

j:p = a¢x7 jm:5¢$7

Ty = 00,4 ymd"(00.+06.), T, =06, — ;w96 + 00.)

1 = - - 1 -
J. = 0¢,— §m¢$(8q§y + 0¢,), T, =0¢,+ imgf)m(@gby + 0¢,), (6.59)
which gives the fields Z, and X'* as

ZJ: = Ha:a Zy = Hya ZZ = Hza

X=X’ XY =Y —mXII X* =7 +mXII (6.60)
- 9 - F4) - Y

from which we see that N;7 is of the form (6.21) with all entries zero except Q¥* = m.

The stress tensor is given by

T = Z ToTa- (6.61)
8Using
X(U)%&U — ') - X(a’)%é(a —o') = % ((X(0) = X(0")d(0 — o)) = X'(c)o(0 — ')
= —X'(¢")é(oc — '), (6.56)
and also the fact that J J
%5(070/) = 755(0—0/), (6.57)

which can be easily seen from the Fourier series representation of the periodic delta function.
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The Hamiltonian may be constructed from Z, and X* as in (6.36), and the metric and
B-field read off for this background,

mx

ds* = dz* + Sdy N dz. (6.62)

dy2+d22>, B:—m

1+(m:c)2<

The non-trivial commutation relations for the algebra of the Z, and X are
[Z.(0), X7 (0")] = —imZ,(c")d(0 — o), [Z.(0), XY(0")] = imZ.(c")o(0 — o),

[XY(0), X*(0")] = imX*(c")6(c — o), (6.63)

and the central extension term
[Z.(0), Xb(0")] = i6,° (0 — o). (6.64)

This is the central extension of an algebra with structure constant ),Y* = m, as we

might expect for the T-fold. Again, this algebra is of the general form (6.53).

6.9 On non-isometric T-duality

In this section, we briefly consider a simple case where, in the language of section
6.6.1, (V-'UV) # U. This can occur when U depends explicitly on the direction
we are performing the duality in. Duality involving functions of d¢, and 5(;5“ are
well understood. What if we have a more general function of X (o)? The only such
functions that appear at the self-dual radius are of the form e”?%(?) which we have
already studied and transform in a well-defined way. However, in considering the
obstacles one might need to overcome to apply the operator formalism to non-isometric
torus fibrations, it may be instructive to study how functions of X (o) that are not
invariant under isometries transform. As a first step we compute e'?¢% (0)e~?. In the
framework presented here, X (o) is a universal coordinate. Thus, if we know how ¢ (o)
transforms under T-duality at the self-dual radius, we can infer how it transforms in

backgrounds related to that one by parallel transport. It is not hard to show that

[97(0), ¢1(0")] = in© (0 — o")d"", (6.65)
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where? . .
O(c —0o') = 2—(0 —o)—i), ﬁem("_"/). (6.67)

™

The fact that © is not a periodic function and so is not well defined on the worldsheet will
be the source of the difficulty in making sense of applying the T-duality automorphism
to ¢7 (o). Using the charge

1 X
Q= 7{ do cos(2¢% (o)), (6.68)

with a little work one finds

(Q.61(0)] = —ir § do'O(0" ~ o) sin(207 (o)),
Q2. 63(0)] = = f do'6(0 = )05 ("),

where we use the notation

Q™. )

Q. 1Q. Q. #5]).., (6.69)

where there are n nested commutators on the RHS. We might think that we can do this
integral by parts and get rid of the boundary term in the second expression. Assuming
this, you would end up with ¢7 — —¢7 as the transformation. However, since ¢7 and
© are not periodic, the boundary term does not vanish. The easiest way to compute
the integral is in fact to use the mode expansions and do the integrals directly. Doing

this, we have

2 €T _ 2 x 1 x x
Q. 65(0)] = —7* (~61(0) + 5 (61(0) + 6727)) ) .

9Note that J
—O(c—0') = Z ginlo=a'), (6.66)

which is the periodic delta-function.
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Since the charge acts in the same way regardless of the value of o, we can now just

write down the successive commutators:

QW) ¢% (0)] =im ]{da sin(2¢7 (0"))(—O(c¢" — o) + @( )+ ;@(OJ —27)), (6.70)
[@%amwﬂzw(@mﬂ—Qwﬂm+¢ﬂ%»)
: (6.71)

There is a repeating pattern and so the full transformation may be written down,

() = (~o1(o)+ 3 (6100) + 012 (G~ Ty + )

+  do’sin(267(0")) (~0(0" o) + ;@(0') + ;@@' ~2m)) <; S )
4 ¢t (0) + 7 ]{ do' sin(2¢% (0))O(0" — o)

=~ 61(0) + 65(0) + 95 2m) + 3 § do’sin(203()) (O(0") + O(o" — 2)).
(6.72)

We can use O(0’ — 27) = ©(0’') — 1 and sgn(c’) = 20(c’) — 1 to slightly simplify the
last term, so that

¢947(0)e ™ = ~67(0) + G5(0) + G1(2m) + o sin (207 (o")Jsen ().

Note that, if we use the sine charge instead, we arrive at a different result, namely

907 (0)e ™ = ~67(0) + G (0) + 9(27) — = § dor cos(267(0"))sen(o”).

Taking an optimistic view of this rather messy result, we note that it is of the form

997 (0)e? = —¢i(0) +C, (6.73)

where C is a constant operator. This operator depends on the charge one uses to
perform the duality and points to the fact that such a shift can be removed by a
U(1)y x U(1)g gauge transformation. Put another way, this result is suggestive of the
possibility of considering the correct action of the duality on ¢% (o) as ¢% (o) — —¢7 (o)
(equivalently X (0) — X(0)), with the shift by C dropping out of all gauge-invariant

results. Such a proposal has received support from other quarters (see for example
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[53, 55, 29, 12]). Of course, in those cases the emphasis was on performing T-duality
in the absence of isometries in the target space. Here, we see that what is required
to be able to neglect C is the unbroken U(1); symmetry acting on ¢7. This is a
particular linear combination of isometry and B-field transformation; the diagonal
U(l), cU(1)z x U(1)x, where the isometry is U(1)z. An obvious argument against
this interpretation is that C is an operator and will not commute with other generators
in the SU(2) gauge symmetry. As such, it seems a poor candidate for a parameter of a
translation symmetry, though it would be interesting to investigate this further. The

transformations above may be written as
62X = 2a, 62X =0, dzd] = a=dz0% (6.74)
for the T-duality and
oxX =0, X =24 Oxdt =—a=0xoh (6.75)

for the B-field transformation. We see that, if we choose a = 0 and @ = C, i.e. if
we couple the T-duality transformation with a B-field transformation, then we may
have ¢7 (o) transforming in the expected way, even if there is no isometry in X (o),
provided there is B-field symmetry present. This is not a concrete prescription, but it
suggests that the formalism considered in this chapter may admit more general notions
of T-duality if generalised to more interesting backgrounds.

As an application, consider T-duality of the T-fold along the X-direction, neglecting
the presence of C. We are therefore, somewhat artificially, elevating the variable X (o)
along the base circle from a parameter that characterises the bundle (in the spirit of
the construction outlined in section 6.1) to a full quantum field. This pushes us out
of the realm of toy models that should in principle be part of a bona fide CFT and
into somewhat uncertain territory. Nonetheless, we shall press on. An automorphism
with the duality charge amounts to the exchange d¢* — —9¢®, d¢* — O¢*. From the
above, we shall assume that X — X (i.e. ¢% — —¢?).

The resulting currents are

jx = a¢z7 jJC:éQSx,

Ty = 00,+ smd (00,400, Ty =06, ~ 1md(96. +6.),

I = 0. — ;mggx((?gby +06,), T —do. + ;mggx(@gby +36,), (6.76)
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where &"3 = X, and so the fields Z, and X* are

Za} = Ha:; Zy = Hy7 Zz = Hza

xe=X, XV=Y' -mXI,, X*=Z+mXI (6.77)
- ) - Z9 - Y-

These can be obtained by a 72 bundle over the dual circle with A4(c) = (e~ V%) 4711, (o),
where N;7 takes the same form as for the T-fold above. The key point is that X (o) is
replaced by X (o).

The non-trivial commutation relations are then

(X%(0), X*(0")] = —2mimd(o — ') Z,(0"),
[X*(0), XY(0")] = 2mimd (o — o) Z. (o),
[X%(0), XY(0)] = —2mimd (o — ') Z,.(c"), (6.78)

15
—~
Q
Ny

and the central extension is
[Z.(0), Xb(0)] = 2mi8,°6.. (0 — o). (6.79)

This is reminiscent of the expected R-flux algebra (3.25) [61, 12]. To be clear, the
above discussion does not in any way provide a proof that the R-flux background
is dual to the T-fold. It does, however, demonstrate that this formalism gives rise
to similar algebraic structures seen in the supergravity [33, 32, 29, 62] and doubled
geometry [12] discussions of such backgrounds, assuming X (o) — X (o). It also makes
clearer the assumptions that are required for such backgrounds to map into each other
under T-duality, defined as an automorphism of the operator algebra.

When we come to chapter 8, we will see that addressing the X-dependence fully
requires more care and makes the above transformations significantly more complicated.
We will focus more on the nilfold and H-flux cases there, but even in those cases the
situation is very different to the adiabatic limit. When we have a better understanding
of how to deal with more complicated worldsheet coordinate dependence, we will briefly
return to this non-isometric story in section 9.1.3, where we re-examine an idea of [15]

and apply it to a simple case.
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6.10 Relationship to the doubled formalism & the
doubled algebra

Here we discuss the relationship of the universal coordinate formalism presented above
to the doubled formalism [12], and we discover an interesting feature of the algebra of
worldsheet operators Z,, X°.
Recall our setup of the doubled formalism from chapter 3. Here, we have doubled
embedding coordinates X = (X™, X,,,) in the fibres, with base X, i.e. X* = (X, X™).
In the previous section we have seen that the natural objects that relate the
Hamiltonian of a given background to that of the background at an enhanced point

involve only the monodromy encoded in the Hamiltonian density
Hiy(X (o)) (o)1 (0) = (Ta(0))* + (X' ())* + MMV (X (0)TTas(0)Tx (), (6.80)

where we have introduced

My (o) = —— (Hm(a), X'M(U)) (6.81)

in the torus fibres and MM¥(X) is the inverse of the metric in the fibres of 7", which is
determined by the monodromy and depends only on the base coordinate. The 1y (0)

obey the commutation relations
[HM(O'),HN(O'/)] :iLMNdl(U—O,), (682)

by virtue of the canonical commutation relations. The natural action of O(d,d) on
the coordinates and momenta of the T fibres suggests the natural O(d, d)-covariant

objects on the bundle!®
Ap(c) = (e VXN, MIT, (). (6.83)
The algebra of these objects is given by the commutator

[Ap(0), Ag(a)] = (e7MX)pM (¥ X)) NIy (o), Ty (o))
i(e NN M Ly (e VXN N (0 = o). (6.84)

10 All products of operators are assumed normal ordered.
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Integrating by parts in ¢ and using the fact that L),y is invariant under the action of

e~ NX(9) gives

[Ap(0), Ag(c")] = iLpgd'(c — 0') — iNpgX'(0)d(o — o'), (6.85)

where Npg = Npf'Lrg = —Ngp. Following the previous section, it is useful to split
the fibre fields as Ap(0) = (Z,, A?) and similarly for the base circle. The only other

non-trivial commutator is [II,.(c), Ap(c’)], which is easily evaluated to give the algebra
[Ap(0), Ag(c’)] = iLpgd'(c — ') — iNpgX (c')d(c — o),

[2:(0), Ap(0)] = iNpP Ag(0")d(0 — 0'),  [X7(0), Ap(c”)] = 0,
(X*(0), Z.(0")] = id(c — o). (6.86)

This may be written compactly as
[Aa(0), Ap(c")] = iLpd (0 — o) — it sg° Ac(0")d(0 — o), (6.87)

where t,p@ = Np@. This is a central extension of the loop algebra based on the
Lie algebra (3.8). The interesting fact is that it arises in a very direct way from the
intuitive torus bundle geometry. This is an important and unexpected result since we
are able to derive (a central extension of) the full doubled algebra by just doubling the
torus fibres. At the level of the supergravity, when we doubled the base the algebra
generated by the vector fields dual to the left-invariant one-forms could only at most
generate the contraction (3.7), since the information of the B-field along the base was
not part of the geometric structure of the doubled torus bundle. Here, we find that we
are able to recover the full algebra (3.8) due to the relationship between the worldsheet
fields, encoded in the commutation relations.

We can see this explicitly by looking at the zero modes, which effectively projects

us down to the supergravity limit. The zero modes of the fibre fields are
XMo)=wh+ .., I,(0) =pu+ ..., (6.88)

where w* is the (dimensionless) winding and p,, is the (dimensionless) momentum

zero mode. The ellipsis denote terms with non-trivial o-dependence. The coordinates
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conjugate to these zero modes are Z, and z* respectively, and we can write

X*o)=—i 8~ - II,(o) = —ii + .., (6.89)
0z,

and II;(0) = —i0r + .... Thus, the zero modes of the fields are given by

Aa(o) = —i(e_NX(”))A[aaXI + .., Z.(0) = —z'aé; + .., X*(o) = —i;j + ...

(6.90)
Truncating to the zero modes (neglecting the +... terms) gives a set of vector fields
that generate the isometry algebra (3.7) with an additional U(1) factor corresponding
to the isometry around the dual circle with coordinate Z. This is a contraction of the
algebra (3.8).

Thus, we see that it is precisely the non-trivial o-dependence that gives rise to the
full doubled algebra of the twisted doubled torus. Put another way, it is the extended
nature of the string that takes us from the algebra (3.7) that we might expect from
particle mechanics on the geometry 7 x S* to the full doubled geometry corresponding
to the algebra (3.8). This suggests that the two doubled geometries are perhaps more
closely related than previously thought, and it would be interesting to investigate this

further, though we will not have anything more to say on the subject here.

6.11 Beyond torus bundles

Our focus in this section is on seeing how the framework described in previous sections
might generalise to backgrounds that are not necessarily torus bundles. The character
of this section will be formal and rather speculative and we do not consider explicit
examples, although it would be interesting to do so and there is a clear connection with
the flux compactifications of [62, 32]. We do not need to worry about normal ordering
issues and a more careful treatment may alter the general scheme outlined here. We
shall see that the general algebraic structure that mirrors that of doubled geometry
seems to emerge in very general cases. The absence of a detailed understanding of
worldsheet theories on such backgrounds makes this section necessarily schematic. In
particular, we do not consider normal ordering issues that might arise or potential o/
corrections which would alter the form of the Hamiltonian. We do find that algebraic
structures reminiscent of (parallelisable) flux compactifications of supergravity [32]
emerge in this approximation; however, unlike those cases, these constructions do

not seem to be limited by the requirement that the doubled geometry be locally a
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group manifold. They are perhaps more reminiscent of compactifications inspired by
generalised complex geometry [64, 65] and its generalisations [66, 67].
The starting point is the Hamiltonian at the point of enhanced symmetry, denoted
by H(po),
H(po) = § do S(po)H(po)S () (6.91)

where the point py on the space of backgrounds M is an enhanced symmetry point. The
generalised metric may be written in terms of generalised vielbeins H(pg) = £ (po)ET (po)
as in (6.13) and S;(po; o) = (IL,(a), X" (0))p,-

The Hamiltonian density at a point p € M could be given in terms of the generalised

metric

H(p) = U(p,po)H(po)UT(p,po), (6.92)

where U(p,po) = E(P)E (py). The Hamiltonian for the theory at p may then be

written as

H(p) = § do SU(p, po)H(po)U" (b, po)S”
= do ADIHP) A" (). (6.93)

Since Sy is taken to be a universal coordinate, S;(p; o) = Sy(po; o), and so we can drop
the explicit p-dependence, and we have defined A(p) = S(po)U(p, po)-

A polarization is a (maximally isotropic) choice of splitting S into IT and X'.

Similarly, we define a polarization of A44(0) as a splitting A4(0) = (Za(a), X“(a)).

6.11.1 Flux compactification on a twisted torus

To begin, we consider the example, familiar from many supergravity constructions,
of a constant H-flux on a parallelisable!! background. Consider a background that

is generated from the reference background by the action of a geometric subgroup of

O(d,d;Z), i.e.
e Be T
(7)) o

' The background need only locally be a group. More generally it could be the quotient of a group
by a cocompact subgroup [33].




100 Connections and Torus Bundles

where e € SL(d). If the reference background is the identity, then the metric and
B-field for this background are

1
G = 5abe“#eby, B = iBw,dx“ A dz”. (6.95)

The twisted torus with constant flux is a simple example of such a background. Let us
take, at the point p, the metric and H-field to be

1
ds? = Jpe® ® €, H = BKabce“ Aeb A e, (6.96)

where e* = e®,dx* is a left-invariant one-form for the group manifold G' with structure

constants fu,¢ = —f,;,¢, i.e.
1
de® + 3 foele? Aef = 0. (6.97)

The condition dH = 0 then requires K flae® = 0 [62].
The doubled algebra
With this polarization, we have
Za(0) = (D (o) = BuX"(0)),  X%(0) =" X(o),  (6.95)

which we may think of as

210 = 0 (< ~ Bu X)) X0 = XMa) (69)

Using the canonical commutation relations, we have the algebra (details of the calcula-

tions in appendix C)
[Za(0), Z4(0")] = = fap* Ze(0")2mi0 (0 — o) — KupeX(0")2mid (0 — o),

N = fulXe(0")2mid (0 — o') 4 802mid (o — o),
=0, (6.100)

3
Q3
)R
= =
a9

which is of the form (6.53).
We next verify here that the algebras that we work with are indeed associative. We
also discuss generalisations of the above to (non-constant) structure functions, and we

show that, at least for geometric flux compactifications, associativity is preserved.
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We compute (details in appendix C)

[2a(0). [26(0"), Zc(0")]] = — 47*3(0 — 0")d (0" — 0”) (fbcd 1a“Ze(0") + fyo KaaeX*(0”)

— faedeche(a“)> + 47?26/(0 —o")o(o" — a")Kbcd(FZl.
(6.101)

Now we now sum over cyclic permutations. Care must be taken as we are also moving
around the o,0’,0” dependence. In the first term, this does not matter since the
delta functions are only supported on ¢ = ¢’ = ¢”, so we can just antisymmetrise on
the indices a, b, c without any issues. However, for the second term, since there is a
derivative of a delta function and the contributing terms do not appear on the same

footing, we have to be more careful. We get

(12.(0),12(0"), Zu(0")]) + exclic)
= 4725(c0 — 0”)8(0" — o) ( Fua® fog "2e(0") — 2K ea fbc]dXe(a”)>
+ é7T2Kabc (6" (0 —d")o(c" — ")+ (0! —0)d(0" — o) + 0" (0" — 0")o (0 — ).

3
(6.102)

The last line here vanishes by delta function manipulations. In order to establish that
the other terms vanish, we compute the constraints that arise from d?e® = 0 and the
fact that dH = 0. Taking the exterior derivative of (6.97) gives fb[ca fde]b = 0. Similarly,
dH = 0 gives K fde}“ = (0. Taken together, these two constraints tell us that the
right hand side of (6.102) vanishes.

Since the X'* commute with each other, the only other case we have to consider is
(X)), [Z(c"), Z.(c")]] + cyclic. (6.103)
We find that, after a short calculation,

(2(0"), [Ze(0”), X(0)]] = = 4n%6(0" — 0)8(0” = ) (fua" o "X (0))
— 4728 (0! — 0)d(0" — o) f., " (6.104)

When we add the cyclic permutations, the first term will vanish by the Maurer-Cartan

equation constraint (6.97). The second term vanishes by delta function manipulations,
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as with the previous case. Thus, we find that

[X(0), [26(0”), Ze(0")]] + [24(0"), [Zc(0"), X (0)]] + [Zc(0"), [X(0), Z4(0")]] = 0,
(6.105)

and so the algebra is indeed associative.

6.11.2 From structure constants to structure functions

We would like to see how far we can generalise this, and in particular we would like to
see if we can relax the condition that f,,¢ and K. are constant and allow them to be
functions

fabc — fabc(X)7 Kabc — Kabc(X)' (6106)

In particular, we take g, and B,, to be general (we assume the metric is torsion-free).
It is fairly easy to see that the algebra will still go through without any problems. This
is essentially because there are no derivatives of f or K in the derivation of the algebra.
However, where there might be problems is associativity. Since associators have nested
commutators, we do have derivatives of f and K appearing. However, we will find
that the algebra is in fact still associative. This is in contrast to the doubled geometry
construction, where the group structure plays a prominent role. However, we suspect a
formal generalisation of doubled geometry along similar lines is possible. Imposing the
self-duality constraint there might require gauging an algebroid structure along the
lines of [68] and we shall not comment on this further here.

Firstly, we should derive the modified constraints that now arise from the Maurer-
Cartan equation (6.97) and the flux condition dH = 0. Going through the same process
we find that

3

e[auaﬂfbc]d - fe[abdfbc]e =0, e[aMaMKde] - §Ke[abfcd]€ =0. (6107)

How does this alter the calculations checking associativity? Essentially, there are two
changes to consider: the explicit derivatives of f and K, and the changes to the ¢’
terms (which are themselves a result of the o dependence of f and K). For example,

we now have
24(0), [2(0"), Zo(0")]] = — 4n%6(0 — 0")3(0" = 0") { fro Fau“Ze(0") + foo KaaeX*(0”)

—fe  KpeaX (") + ea“(()“fbcdzd(a") + eaﬂauKbce'Xe(U”)}
+ 4720 (0 — 0")6(0" — 0") Kpea(0”) 2. (6.108)
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The new terms are the last two terms in the braces. Now, when we antisymmetrise
this, the term we have to be extra careful with is the last one, i.e. the term outside of

the braces. This is because the K now has ¢” dependence. We can write this term as

—0'(o —a")o(0" — J”)Kbcd(o”)ég =0, (6(0 — 0" ) Kape(c")) d(c’ — 0”)
— 5(0 — 0")3(0" — 0")Klpe(o”)
=—0(c—0")0(c" — ") Kupe(0)
— (o —0")o(0" — 0") X0, Kape(c").  (6.109)

Thus, after antisymmetrising, the total contribution from the ¢’ terms is

§W2Kabc (0'(c —a")o(o" — ")+ 8'(6" — 0)d(0" — ) + (6" — 0")d(0 — "))
+47%6(0 — 0")6(o" — a”)éee“auKache(a")
— 4250 — 0")5 (0" — 0'/);66“8uKache(U”), (6.110)

the first term vanishing as in the constant case. We will see that the remaining term
contributes in such a way as to ensure associativity. The full expression can now be

written as

(2a(0),[24(0"), Z4(0")]] =47%6(0 — 6")5(0" = 0") { fua iy Zal0") — 2K tea iy "X (0")

1
_e[auaufbc} dZd(OJ/) - e[aua#Kbc]exe(oﬂ) + 366“8“Kabc)('6<0'//)} )

(6.111)
and we can write the last two terms in this expression as
7 el M 1 I el I 4 7 e
— e[a @LKbc]eX (O’ )+ gee 8uKach (0’ ): ge[e a,uKabc]X . (6112)

Thus, (6.111) becomes
[21a(0), [24(0"), 29 (0")]] =47%6 (0 — 0")d(0" — O-,/){fe[adfbc]ezd(oﬂ) = 2K djea fr "X (")
4
N A 36[6“8MKabc]Xe(a”)} —0, (6.113)

where we notice that the expressions in the braces are precisely the constraints imposed
by the equations (6.107) and therefore vanish. The calculation of [Z, [Z, X]] also works
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out in a similar, though slightly simpler, way. Thus, we conclude that the algebra is

still associative even if f,;,° and K. are not constant.

A comment on associativity of the R-flux background

In this section we have focused only on geometric flux compactifications because this
is the simplest case to approach in the general setting which we have laid out. It
would be interesting to extended to include other, possibly non-geometric, backgrounds,
but we have not considered this here. For the specific case of the R-flux background
discussed earlier, it is straightforward to study the associativity of the algebra and
we find that the algebra is indeed associative. The details are similar to those given
in appendix C. There has been much discussion of the R-flux background giving rise
to a non-associative structure!?, but we find no sign of any such structure in our
construction. It may be that such a structure emerges when we take the X-dependence
into account fully away from the adiabatic limit. Unfortunately, to look into this

properly would require an understanding of non-isometric T-duality.

12See, for example, [69-73].



Chapter 7

General Deformations and

Connections

Having gained a thorough understanding of twisted torus bundles in the universal
coordinate construction, we now attempt to generalise the discussion of the previous
chapter to more general connections. In particular, we will see how to construct a
formalism that allows one to take any operator at some starting point in moduli space
and deform it to a nearby point. We will mainly look at deformations of 9.X,,, but the
formalism we present is one that can be applied to a wide class of operators and theories,
both with and without conformal invariance. As we discussed, the formalism of [22]
entailed the deformation of correlation functions of CFTs, based on the formalism of
[23, 24] for more general QFT deformations. In the previous chapter, we showed how
universal coordinates was tied to this connection story, and we applied this to the torus
bundles introduced in chapter 3, employing an adiabatic approximation to neglect
worldsheet interactions involving the coordinate dependence in the background.
Here, we will show how we can proceed without this approximation. We will start
by discussing the construction for flat toroidal backgrounds, where we demonstrate
how to recover (4.30). As we will see, this will involve taking the tensor structure of
the operator of interest into account. In chapter 8, we will then apply these ideas
to the H-flux and nilfold cases, where we will derive first order corrections to the
deformations derived in the adiabatic limit previously. Of course, the deformation
of the stress tensor was already derived in section 5.3, but the method used there
would not work for non-scalar operators since it would miss contributions arising from
the change in the background, as we explain below. In chapter 9, we will examine
the T-duality between these backgrounds once again, this time with the worldsheet
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interactions taken into account. The content of chapters 7, 8 and 9 is based on original
work written in collaboration in [2].

Let us explain our approach. We shall consider a family of sigma models {E,,},
where E,, = g, + B, as usual, parameterised in some convenient way. Let £ be
a bundle of operators A over this space, where an element A € A may be written
schematically in terms of a local worldsheet operator as A = [ ®. Then, the integrated
correlation functions will change as we move about this space, not simply because of
any direct metric dependence of the field, but also due to the change in the measure

eS1® used to define the correlation function. If
(®1..2,) = /D@as@l o,..D,, (7.1)

where ®; is a local operator inserted at the point z; on a worldsheet > embedded in

the target space!, then to leading order,
5(®,..9,) = Z/D@e‘s[‘bl O,..0D;..., — /Dcl>e—5[‘1>155[<1>] OBy 4., (7.2)
i=1

where 0g® is a ‘classical’ change in ® - a change in the background field that preserves
S[®]. Note that this was missing from the analysis of chapter 5 since there we were
only dealing with scalar operators. As we will discuss, the dg transformation is only
present for non-scalar operators.

If we want to understand how an individual operator, say ®;, changes we need a
more subtle tool. The above expressions suggest that this would be given schematically,
to first order, by

00, = —O;[X](P;) + 0p®; + ..., (7.3)

where the effect of the change in the action on the contribution ®; makes to the
correlation function is given by the insertion of a non-local operator O;[X] that has

the same functional form as 6S[X],

0,1X] = / 0L, (7.4)

3¢
1

1To compute the correlation functions, the locations of the operators would ultimately be integrated
over and it is probably more natural to think in terms of integrated operators fz ® when talking
about objects in the fibres of £. We will also not explicitly include the ghost contributions to such
correlation functions.
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where £ is the integrand? of §S[X], lifted to an operator expression and X¢ C ¥ has
holes of size € > 0 cut out around the locations of the ®,,; fields. We recover the
variation of the correlation function when all fields ® are allowed to change. Here, we
will mainly be interested in cases where the starting point is a free theory. In this case,
we can use Wick’s theorem to evaluate the correlation function, and the action of O
that affects the field ®; directly is given by the contraction

1

d0®i(2:) = Oi[X]Pi(z). (7.5)

Sequential applications of O will be discussed in detail in chapter 7 and appendix E.

This construction extends simply to cases where the sigma model is specified by
other target space fields. We will flesh out what the terms in (7.5) mean in the following
sections. If ® is a target space scalar, then this is the whole story. However, if ® is a
vector or higher tensor, then there may be an additional contribution which preserves
the action and therefore is not included in the transformation generated by O. For
example, in a flat torus background, 0.X* = e#,0X*“ has an explicit dependence on the
background metric through the vielbein e#,. We now imagine changing the radius R of
one of the circles. With all of the R dependence in e*,, we think of 0. X as a universal

field for such backgrounds and the change in 0 X* may be written as
OX* — 0X* + 0R(0get,)e”,0X" + ... (7.6)

Such contributions are absent in the previously studied fields such as the worldsheet
stress tensor, but play an important role in recovering the correct transformation
properties of non-scalar fields. We denote such contributions to the variation by ¢5.
It will be helpful to think of dz as the part of the deformation that leaves the action
invariant and O as that part which changes the action.

Let us now apply this formalism to the flat torus.

7.1 d=1: circle deformations by parallel transport

We begin by discussing the space of CFTs on toroidal backgrounds (i.e. the space given
by (2.1) and parallel transport around this space generated by marginal deformations,

and in this section we will focus on the d = 1 case. Earlier, we argued that universal

2(; is not local and the deformation need not be of Lagrangian type, but for simplicity we shall
assume it does take the form 65 = [4L.
D
3Schematically, 6z may be thought of as being of the form dz ~ (59W%.
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coordinates could be seen as coming from the I' connection and we used this to recover
the results (4.30), (4.31). Here, we shall keep our procedure more general with a view
to applying it to QFTs without conformal symmetry. Looking at CFT cases first
provides a helpful toy example since we can compare with known results.

For convenience, we will recall here the universal coordinate results derived earlier.

We have, for the d = 1 case, on the contour |z| = 1,*

OX(R+6R) = OX(R) + 5]5 <6X(R) - zéX(R)> 4 ; (f) <6X(R) - ?@((R)) ,
(7.7)
DX (R + 6R) = dX(R) + 5]5 <aX(R) - 8X(R)> 4 ; (f) <8X(R) - 8X(R)> ,
(7.8)

and using the mode expansion

iR? o
0X(R)(z) = 5 Zn: anz : (7.9)
we obtain

an(R+6R) = an(R) — (Zf(an(}%) YL, (B) 4+ (‘Zf) (an(R) + ) + oy (7.10)

an(R+0R) = an(R) — 5—R(@n(R) +a_,(R)) +2 <5]§> (an(R) + a—p) + ..., (7.11)

where the ... indicates higher order terms arising from the expansion of the inverse
metric (R 4+ dR)™2. In this relatively simple d = 1 case, we can easily obtain the finite

transformation as

A

an(R+0R) = an(R) — SN

(an(R) + a_n(R)), (7.12)
where A = g7'dg = (2RSR + 6 R?)/R?. Note that, in this finite case, R need not be a
small deformation of R.

These results may be recovered using the connection formalism and the O and g

operators written down previously, which we now do.

4We have removed the explicit z, Z dependence to keep these equations uncluttered.
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To compute the deformation, we first need to write down the action and in particular

the marginal operator.

7.1.1 The action & deformation
Under a shift £, — (£ 4 0F),,, we know from (2.15) that the marginal operator is
5B, / DX'IX”. (7.13)
s

For the circle of radius R — R + d R, the marginal operator required is thus

0- 25R/d2 OX (2)3X (2). (7.14)

Unlike the stress tensor deformation, this is not the full story and this is where the
spacetime tensor structure of the operator of interest is important. The full deformation
of the operator is given by the sum of two parts: a part coming from the marginal
operator (O) and a part coming from the deformation of the background, which for

the circle is given by

0
op =0R—. 7.15
R (7.15)
The full deformation operator is given by the path ordered exponential
dm 1 2, dm 1 0

where m is our parameterisation of moduli space. As discussed in section 5.1.2, we
are free to choose this parameterisation, but the one which we will use here is m = r?
for a circle of radius r, i.e. the metric. Thus, if our path is between the radii R and
R = R+ 0R, parameterised by s € [0, R" — R], so that s’ = r — R, where r is the

radius at s, we have

S Sn—1

dm dm 1, _, 9
_—— = — — " 1
/d51 / dsndsl dsy, n!<R B (7.17)
0 0
so that our deformation operator is
Pesp [ (2RSR+0R?) | o [ 20X ()X (2) + LIV

R* J 2ROR
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We now compute the transformation of 0.X to first order in  R. The higher order case
will be discussed properly in section 7.1.3; there are subtleties about how we define

multiple O insertions due to potential divergences when different O coincide.

7.1.2 0X deformation using parallel transport in M

We now show how (7.7) can be recovered from the parallel transport construction
outlined in the previous section. We are interested in the correlator <8X (w)@(0)>,
where ® is a generic operator (inserted at z = 0 for convenience). We will use this
correlation function to deduce the deformation of 0X (w). From the discussion that
led to (5.8), we have, to first order,

<aX<w)<1>(0)>’ = (0X (w)2(0)) + (00X (w)®(0)) + (50X (w)®(0)).  (7.19)
First consider the action of ©@. We have

(0X (w)®(0))’

= (0X (w)®(0)) + 2;? / d*2(0X (2)0X (2)0X (w)®(0)) + (350X (w)®(0) )
_ _i\]/%; Z: S (w— )" <<an<1>(0)> + 22?@@(0) / d2z8X(z)5X(§)>)

_ 2R / d2z(wl<8X(z)<I>(0)> + (050X (w)®(0))

_ 2)2

iR? o ,
- A ;(w - z) <ozn(I>(0)>
+ f | dzo. <Z_1w> (X (2)8(0)) + (350X ())D(0) ), (7.20)

where the action of 0 on ® has been absorbed into the first term in (7.20), and we
recall the definition of ¥¢ from (5.34). Comparing this first term with the LHS, we see
that it is simply the zeroth order term, so we will focus on the second term. We can

write it as

f/d%@( ! )<aX(z)c1>(o)>:—5R dz (X (2)2(0)), (7.21)

Z—w R Z—w
Ce

where the contour C' simply consists of circles around z = 0, w of radius €. Around w

there is no contribution since there are no negative powers of z — w.



7.1 d = 1: circle deformations by parallel transport 111

Around z = 0, we use

(w—2)""=>(w—z)"""(z—z)" (7.22)

n>0

with z; = 0 to expand the integrand around zero to get
o 3wt 74 dzz" (0X (2)(0)) (7.23)
R “ ' '
,n C(e)
Comparing this to what we have on the left hand side, as in [50], gives

(0X (w) > 3w < % R2+2R5R)) (al,@(0))

n>0

=3 wn1< (‘\i/};) a, ®(0) + 5]5 C}f dzz”éX(z)¢(0)> + (650X (w))2(0))

I —iR? SR [ . .= R
:Téw < <\/§>an+RC}€{d2’z 8X()+f8X( ) CID(O)>,

(7.24)

where 60X (R) = R™'0ROX(R) has been used. This can be seen by noting that dp
is a derivative with respect to the einbein which acts trivially on spacetime scalars. In
one dimension, the einbein is simply R. We can rearrange (7.24) to read off

_OR

oo, = 5 (ozn +a_ ne2") (7.25)

Note that at this point we would usually make a specific choice of connection, for
example by taking the limit e — 0 and dropping divergent terms, or setting e = 1. In
this case, in order to make contact with the results of chapter 4, we set e = 1 (the r
connection), which recovers their result. We would like to write this as a first order
shift of 0.X itself as opposed to just the modes of 0.X. To do this, we substitute the
above transformation into 0X (R + dR), working to first order. Initially we will leave €

as it is, but we will see that it is necessary to choose |z| = € for the deformation of
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0X(z). We have

IX(R+R)(z (R+6R)? (ay, + b)) 2771

Z
Z (R%a + R% 0, + 2R0Ray, + O(R?)) 2"

7

e smx@

= \N

2n
5 Z ( (R> 4+ R6R)a,z "t — RORa_, 2"~ 12 <E> ) , (7.26)

where |z| = 7. Thus, we see that, in order to be able to write the last term as a 0X,
we need to set € = 7. As discussed earlier, the choice of ¢ = 1 for the [’ connection
is arbitrary and for a CFT all choices are equivalent under the conformal symmetry.
Note also that the metric factor of (R + dR)? gives us an extra a, contribution, so

overall, setting € = |z| = 1, we have

OX (R + R)(z) = OX(R)(2) + ‘ij (aX( )(2) — jéxu%)(z)) . (7.27)
Note that it is reassuring that the requirement that |z| = 1 (or |z| = const. more

generally) appears here, since it also appeared in the universal coordinate approach.
There, it came from having equal-time commutation relations, which translated to
constant |z| on the plane. Here we see the same requirement coming from the transition
from the mode transformation to the full local operator transformation. In section
7.1.4 we will come back to the relationship between universal coordinates and the r
connection in the context of the formalism presented in this chapter. We will show
that the existence of universal coordinates is indeed special to the [’ connection and
that there does not seem to be an analogue for general connections. First, we extend
the analysis of [50] and recover the results of [15] to all orders in JR.

7.1.3 Higher orders

For 0X, we can simply obtain the deformation to all orders in dR by replacing
2ROR — 0g = 2ROR + 0 R%. If we then work to first order in dg instead of IR, we will
obtain the same results as above, but with 2R R replaced by dg:

50X (2) = ;59 (aX(z> _ jax@) , (7.28)
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for a background deformation g — g + d¢. This is in fact the full deformation, since
we already know that the finite transformation is given by (4.30), and indeed we see
that this is only first order in the metric deformation.

However, the story for the mode transformation is different because this transforma-
tion does not truncate at first order in dg (or second order in dR), but has corrections
to all orders, as may be seen by expanding the right hand side of (7.12) in powers of
A. This is essentially because the mode deformation involves the inverse metric, the
deformation of which involves an infinite expansion in d¢g. Therefore, we need a way of
computing dp and dg transformations to all orders.

0 has a straightforward action as a local transformation, so there is no difficulty in
computing higher order variations ()" simply as repeated applications of dg. Higher
order O insertions require more care. In order to generalise the path integral derivation
of the first order stress tensor deformation in section 5.3 to higher orders, a prescription
is needed to specify how to treat the otherwise ambiguous insertions of higher powers

of O. Our prescription for computing higher order deformations is given by

O"0X (w /dQZn /d 210(2n, Zn)...0(21, 21)0X (w), (7.29)

where
Yi={%€Cl |z|>¢€lz—w|>0,|z—z]>e Vj>i}, (7.30)

where the order of the integral signs denotes the order in which the integrations are
done, i.e. we remove discs around all punctures corresponding to O(z;, z;) insertions
which have not yet been integrated out. For example, in the above integral we would
compute the z; integral first, and therefore we would need to remove discs around
22, ..., Zn. For the z integral, since z; has already been integrated out, we now only
need to remove discs around z3, ..., 2,, and so on.

The evaluation of the resulting deformation is potentially complicated. However,
we claim® that the only term that gives a finite contribution at order d¢" is the one

where the contractions are taken by order of integration. Schematically, this is

/ / [0:[01,0])..]), (7.31)

i.e. we first contract 0X with Oy, then contract the result with O, and so on until

O,, has been contracted. Here, we use commutator notation to avoid the confusing

SFurther details and a justification of this prescription are given in appendix E.
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notation of multiple Wick contractions. Since a contraction of O; with 0X or 0X leads
to a 0X or 0X respectively, this prescription is unambiguous. For other deformation
operators, such as those we shall consider in chapter 8, matters are more complicated.
This prescription is verified explicitly to second order in appendix E. In terms of the
modes, this gives a justification for being able to apply O sequentially to «,,, which is
how we will compute the higher order corrections to da,,. With this justification, we
now come to the calculation itself.

Working with d¢ instead of d R, we have seen that

l

- 1 1
Jo(R%an) = ——8gg~" fdzz”aX(z) — _Ze(2RR + SRY)a_, = — ~Sga_,
vzt 2 2
0
(7.32)
which we can simply divide by g = R?, since the metric is unaffected by O, to get
1 2ny =
ooy, = —5€ Ay, (7.33)
where we introduce A\ := g~16g. We note that dpg = dg and drzdg = 0, and so
A = —A2. Therefore, acting with dz on the mode gives
2 | 1
S R2an) = (RéR + SOR ) = 5090, (7.34)
which we rearrange to get
1
dpa, = —ix\ozn. (7.35)
Thus,
1
(60 + 0p)ay, = —2)\<an + eZn@n). (7.36)

This first order result, coupled with the prescription described above, allows us to
systematise the calculation of higher order terms. We can thus iterate these results to
obtain the transformation to all orders. We will work with dg here because it is simpler
than working with JR, but it is easy to switch between the two (the two are related by
a reparameterisation of the path on M connecting the initial and final backgrounds).
The advantage of working with dg is that we can say O, g are first order in d¢g, and
the nth order operator insertion is simply %(O + dp)", as we can see from the path
ordered exponential (7.18).
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It is easy to show that®

1 m 1
o (50 4 5E) G = (~1)" A" + a,) (7.39)
Summing over m recovers the all orders result (7.12) found using the universal coordi-
nate method. From (7.9), we can also recover the transformation of 90X, evaluated on

the contour |z| = €, to all orders,
OX(R+6R)(z) = OX(R)(z) + dgg~* <6X(R)(z) — j(‘)X(R)(Z)) : (7.40)

which indeed truncates at second order (since the transformation of R?q, truncates at

second order) and agrees with chapter 4.

7.1.4 Interlude: connections and universal coordinates

It is interesting to consider the relationship between universal coordinates and choice of
connection. As we shall see, X’ and II only remain universal under parallel transport
in M (given by (2.1)) with connection T'. For a fixed background, we have X'(z,z) =
1(20X (z) — 20X (2)) and I1(z, 2) = i(20X () + 20X (Z)). In terms of modes,

X/(2,%) = ;5 S(anr " —anz ™), I(z2) = \% S (anz" 4+ @z "), (7.41)

and so using the results of the previous section we can compute how X', IT change to

first order.

6This may be shown via induction:

1 1
m(éo +6p) " a, = —— A" (80 + 05) (an + €ma_,) . (7.37)

Then, using §g(g~10g)™ = m(g~159)™ *0r(g~1dg), we get to the desired result, i.e.

1
- m+1 — (_1\(m+1) = —1 m+1 2n -
(m + 1)! (00 + )" a, = (—1) 5 (g7 '59)"™ (o + €™ aZ,), (7.38)

as required. OJ
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The ' connection

For this connection, where € =1,
0X'(2,2) \/_ > (banz™™ —da,z ") =0, (7.42)

on the contour zz = 1. The R2-dependence makes the calculation for IT only slightly
more involved,

(R+5R

TI(z, 2) + 6T1(z, 2) = 3 ( £ i)z + (G + 5@,1)5—71). (7.43)

n
Substituting the transformations for the modes in, we find that 6II = 0. Thus, we see
that X', II are indeed universal for the [' connection. Given our earlier discussion in
section 5.2.2, this is as we would have expected. Although we expect this not to hold
in generality for the ¢, ¢ connections, it is interesting to see whether these operators in
particular retain their universal nature for other connections. If not, it is interesting to

see precisely where this fails. Let us look at the ¢, ¢ connections now.

The ¢ connection

For the ¢ connection, we integrate up to e = 1 and then, for those operator coefficients
in the OPE for which the integral gives a finite result, we take the limit ¢ — 0. In
the case at hand, the only OPE which may have potential singularities that need
subtracting is the OPE between the marginal operator and 0.X (w), which gives

7{ dz <8X(w) 4 (- @)PX(T) + > (7.44)
e, T

where C) and C¢ are circles around z = w of radius 1 and € respectively. Evaluating

(7.44) gives zero since there are no negative powers of (z — w), so there are in fact no

divergences to subtract. This is also evident in the fact that (7.25) is finite in the limit

e — 0, since we are only summing over n > 0. We see in this limit that all of the terms

vanish apart from n = 0. Extending the result to n < 0, the transformation of the

modes for the ¢ connection is given by
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50&0 = 56_!0 = —5RR(OKO + C_Yo) (745)

In this case, after some brief calculation, we find that

OR ROR
- 2zt —apz "), oll(z,2) = — 2z @,z "),
i3 2 M) = TS )
(7.46)

i.e. they are not universal with respect to the ¢ connection. Note that the variation

0X'(z2,2) =

of the zero modes still cancels out in both cases. In fact, what we notice is that the
transformation of ag, @ is independent of the e-dependent part of the connection. We
should perhaps have expected this since we recall that ag, &y commute with Lg, the
generator of dilations. Since changes in the radii of the disks, €, correspond to dilations,

we would expect ag, g to be independent of e.

The ¢ connection

In this case, since there are no divergences to subtract, the ¢ and ¢ connections are
actually the same, so X', II are only universal for the r connection, as suggested by
our calculations earlier. We shall see in chapter 8 that, for more general non-CFT
deformations, the X* will not be universal even for the I' connection. This is essentially
why things are so much more complicated when we move away from the adiabatic
limit. The existence of universal coordinates makes all of the calculations much simpler,
and when we do not have them we must use the more general parallel transport
construction.

We now look at the higher dimensional analogue of the previous section, i.e. when
we have a toroidal target space. In some ways things are clearer in this more general
case since the vielbein structure is more explicit and thus it is easier to see the contrast
between the O and dg transformations and why we need both of them to get the full

transformation.

7.2 d > 1: torus deformations by parallel transport

For d > 1, the above discussion generalises straightforwardly. The only new feature is
the possible presence of a constant B-field. Due to a subtlety in the §g transformation,
it will be helpful to distinguish between the B = 0 and B # 0 cases.
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We recall the results from universal coordinates for convenience, which on the plane

OX,(F)(2) = 50 (B, + ELJOX,(E)(=) + (~EL, + Bu) 0X,(B)(2)), (1.47)

OX,(B')(2) = 50 ((—BL + BL)Z0X,(E)(2) + (B + Bu)OX,(B)(2)),  (748)
and the mode transformations are

2g),,04(E") = (EL, + B}, ) (E) + (B, — B, )a" (), (7.49)

29,,04(E') = (Ef, — E'y, )" o(E) + (B + E', )&l (E). (7.50)

As with the d = 1 case, we can choose a parameterisation of our path along which we

deform. We have deformation operator

Pexp (/ds dg*‘” (/d%axu( )X () + aj )) (7.51)

where g(s') = g+ %59, so that

dg;u/ dgpa . 1
/dsl... 0/ ds, s, ds. méglﬂ,...(;gpm (7.52)

giving deformation operator

Pexp (5gw (/ d?20X"(2)0X" (Z) + 85 )) . (7.53)

7.2.1 Metric deformations

We start with the simpler case where B, = 0 and the only change is due to the metric.

It is useful to introduce vielbeins e #“ such that
uv = euaeay- (754)

The generalisation of the dg transformation to higher dimensions is given by

0
(SE == 59“”67’ (755)

%%
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and we identify dge,* = de,*, where de is induced by dg (this could also be taken as a

definition of dg in this case). To compute this, we vary (7.54) and rearrange to get to
de," = 0gue” — eubéebyem. (7.56)

Now, if we define U,° = de,,e"®, then we see that the second term in the vielbein varia-
tion looks like a frame transformation except for the fact that U is not antisymmetric,
which is required to give a Lorentz transformation. Therefore, we will extract the
symmetric part from it and take the anti-symmetric part as the Lorentz transformation.
Doing so, we find that

Ula) =0€(au€" )
=€,/ 0gue”y — Viav), (7.57)

where Vi) = e(al”éeu‘b), i.c. we have

U, =dele™™ + e e, (7.58)
V, =e'de+dele ™, (7.59)

and so Ug = V5. Thus, rearranging the above equation gives

1
el 0g,me”y + N, (7.60)

Uab:§

where A,y = Ulgy), and the variation of the vielbein can be written as

a ]' va a
o, = 50gume” = e, N, (7.61)

where Ay = Ul is a local frame transformation. The transpose can similarly be
written as

a 1 av a
56 P = 56 591,” + A beb#, (762)

where the sign change comes from the fact that A is antisymmetric. We can also invert

these to get

1 1
56“(1 = _§gNV5ng€Pa - eﬂbAbcu (560,# = _§eap5,gpugy'u + Aabebﬂ. (763)
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For 0X,, since this is a frame one-form, there should be a similar Lorentz transformation

for its variation as well, so we take
650X, = N, 0X,, (7.64)
and so overall we find that
550X (w) = 360,,0X" (), (7.65)

i.e. the Lorentz transformations cancel, as we would expect for objects without frame
indices. In general, we will usually ignore these Lorentz transformations and say, for

example, that dz0X, = 0, since, by construction, they should always cancel for the

spacetime operators we are interested in. A general frame object A, ,“¢ would be
expected to transform under 0 as
6E‘Aa...bcmd = AaeAe...bcmd + AbeAa...ec.”d - AecAa...bemd - Aed'Aa...bcme' (766)
For the O insertion, the deformation operator is
O[X] = 69,0 / 220X"(2)DX" (), (7.67)
)
and taking the OPE with 0.X,(w) gives
OIX]0X,(w) ~ —3dg, [~ ax+(z)
w)n~ —— v z
. 2% J, (z —w)?
1 dz -
A e |
509 ,Z_wa (2) (7.68)
Thus, similarly to the d = 1 case, we find that
v 1 v 2n ~v
d(guwoy) = —§5g,w (an +e oz_n). (7.69)

If we are on the contour |z| = € (see the discussion for the circle case for details), we

can also deduce the transformation for 0.X,,(z) from this, which is
1 -
50X, (2) = 500 <8X”(z) - iax«@) , (7.70)

agreeing with (7.47).
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7.2.2 Deformations with a constant B-field

The doubled formalism [34, 11] provides an efficient way to generalise (7.61) in the
presence of non-vanishing constant B-field. This will shed light on how to understand
this in the ‘undoubled’ case, which we explain in detail in 7.2.3.

The embedding coordinate in the original (X*) and dual (X ) descriptions are
related as [12, 11, 20]

0X,=-ELo0X",  0X,=E,0X". (7.71)

In terms of the O(d,d)-covariant doubled coordinate X! = (X*, X,), the O(d, d)-

invariant metric on the doubled space Ly, is given by [12]
1 -
ds® = §L1JdXIdXJ =dX"dX,, (7.72)

where = 1,...,d. This is the metric that is used to raise/lower indices. Additionally,

for a given background FE,, = g,, + By, recall that we have the doubled metric

H[J _ g,u,u - BupgpAB)\V B'upgpu (773)
_g#PBpV gl“’

combining the metric and B-field into a single O(d, d)-covariant tensor. Thus, the case
with B-field may be found by applying the methodology of section 7.2.1 to the doubled

target space sigma-model

1 1
S=1 / HagdX! X+ / QpydX! A dX?, (7.74)
> b

where € is the constant antisymmetric tensor we introduced in (3.52) and will play
no further role”. The relations (7.71) can be derived from the self-duality constraints

(3.53), which here simply become
dX! = L' (H i * dX™). (7.75)
A deformation of the target space H;; — Hyrs+ 6Hys is given by the marginal operator

1 _
O=- / SH ;X X . (7.76)
2 b

"See [11] and [12] for a more general discussion of such terms
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Note that L;; does not change. Using the undoubled OPEs, it is straightforward to

verify that
1/}_[IJ _ LIJ

2 (z—w)?’

As in the previous section, we can write the doubled metric in terms of doubled vielbeins

OXI(2)OX (w) ~ (7.77)

as

Hiy =V, 045V7;, (7.78)

where d4p is the doubled frame metric (which does not raise/lower frame indices, just

as H does not raise/lower spacetime indices) and

el Be! e 0
VA = . VA = . 7.79
! ( 0 el ) ! (—e_TB e_T) ( )

We want 60X; = 6(V;40X,4). Given some deformation of the doubled metric §H;;, we

have the relations
SHY = —HIKSH i HY = LK 6H e, LM, (7.80)

and we can combine these two to obtain the often more useful identity H;;0H'E =
—dH;H7E. Note also that we can safely define such objects as dH,; = dH L%/,

since 0L = 0. We also have
1
(5VIA = §5H1JVJB5BA - VIBABA> (7.81)

analogous to the undoubled case. Thus, the 0X; transformation is largely the same
as in the undoubled case, except for the fact that there are two metrics, each playing
a different role. We are interested in the OPE of O, given by (7.76), and 0X;(w).
Evaluating the OPE using (7.77) and comparing coefficients as we did for the circle

deformation gives the doubled mode deformation as
1
o(Hisa]) = <6HU - HKIMKJ> gl (7.82)

where we have introduced the mode expansion

OX;(2) = \;5 S Hppal (7.83)
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and al = (o, &y,,) are the doubled oscillator modes. Using the above identities, we

can rewrite (7.82) as

1
5@(7‘[}(}&#) = 557—[1Je2"é{n. (784)
For the I’ connection with |z| = 1, we can then deduce the transformation of OX; as
12 =0y
The 60X, calculation also has a subtlety,
1
SpOXr = 6V, 20X, = 55%”1;13 §BAOX 4. (7.86)

It is not the case that V/5 840X, = X7, since §%4 does not raise/lower indices, since
it is not the O(d, d)-invariant metric L. We have

v 0\ (o 0\ [0X
VI gBAgX, = [ “) = —ax’, 7.87
B A (B,,pepb e’ 0 &/ \OX© (7.87)

where we have used that 90X, = —EfpﬁX ? and 0X, = —0X, (since the background
for the frame is just d,, and this raises/lowers indices in the undoubled case). Thus,

overall, we find that
1 Z_
50X1(2) = 55Hi (—axJ(z) + jaxJ@) , (7.88)

the components of which can be checked to recover the results of chapter 4.

7.2.3 The utility of the doubled formalism when B # 0

Once the effects of a metric deformation are understood, the doubled formalism provides
an efficient way to generalise to include a B-field. In particular, the doubled formalism
provides a natural way to incorporate the B-field deformation into the dg part of the

transformation. In the undoubled case, we have

SpOX" = St 9X°. (7.89)
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This clearly only gives the metric contribution and there does not seem to be any way
to introduce the B-field. However, we recall that

1
del', = —Eg‘“’ég,,pepa — e“bAb

(7.90)

a’

where, importantly, A, is antisymmetric. If we now write this as

1 1 1
det' 0X* = — Eg“”(Sgl,pepa@X“ + Eg’“’(SB,,anp — §g‘“’(58,,p8X" — " AP 09X

1 1 :
= — 50" 00, OX + 59" 0B,,0X" — " A 0K, (7.91)

where we have absorbed the —% g"0B,,0X? term into the new frame transformation
A, we see that we obtain the correct transformation. It is not obvious why we should
do this. However, in the doubled formalism, this is exactly what happens, except it
occurs naturally due to the O(d, d) structure. If we compute the first term of (7.81) in

components, we find that

15H1JV‘] SEA _ 1 0ge”* — B, g"PdB,ye’® 0B,,e", — B,g""0g,.€7,  (7.92)
2 B 2 —g/’l‘y(SBypepa _g/“/(;gypepa

Since we want §0X*, it is the second row we are interested in (since 9X; = (9X,,, 0X*)).

We see that the bottom left entry gives us the additional contribution of
1 Ny pa
59 5Bup6 8Xaa (793)

using X, = —9X,. This is precisely the contribution that we included arbitrarily
in (7.91), but now we see that it arises naturally in the doubled formalism. Thus, it
seems as though the O(d, d) structure is precisely the ‘extra information” we need in
order to recover (7.47). This is somewhat unsatisfactory though, since we intuitively
expect that we can derive the correct results without having to resort to the doubled
formalism. We will see next that this is indeed possible precisely in the case of the r
connection, which is the context in which (7.47) is derived in [15], and that there is a

close connection with universal coordinates.

7.2.4 Universal coordinates and doubled geometry

Let us look at the universality of X’ in the I' connection (we could also look at II, but
X' is simpler). We have X'(z,2) = —1¢7'(20X(z) — 20X (z)). Now, let us assume
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that .
de,* = §6gwg”pep“ + v0B,e", (7.94)

for some c-number . As we saw earlier, there is the potential to have such a B-field
term since the B-field is antisymmetric. From the doubled treatment above, we saw
that the extra B-field contribution to the g transformation did not seem to naturally
come from the vielbein transformation, but did arise naturally in the doubled formalism
as a requirement of the O(d, d)-covariance of the doubled formalism. If we require that
all (target space) scalar operators are killed by dg, this specifies the action of dg on

the operators. Thus, we have
1 = 1 = -
0p0X, = iégﬂan” + 708, 0X", 0p0X, = §5gw,8X” +70B,,0X", (7.95)

where 7 is not the complex conjugate of 7. Then, substituting this into X', we have

0X"(z,2) = ;g“pg"”(Sgpa(zaX,,(z) — 20X, (%)) — ;g’“’ (;(iql,pzaXp(z) + v0B,,20X" (%)

—;w,,pzé)(ﬂ(z) - ;5gyp§5Xp(E) 0B, Z0X"(2) + ;5E:;sz@Xp(z))>

1, Cm _
= 49"0B, (zaXP(z)u _2) + 20X°(3)(1 + 27)), (7.96)
and so we require Yy = —y = % for X’ to be universal. Thus, we see that the condition

of universality is sufficient to give the correct B-field contributions to recover (7.47),
(7.48). These are also precisely the contributions that arose naturally in the doubled
geometry. This is as we would expect because universality and doubled geometry
both preserve the O(d, d) structure. With universality, this comes from the fact that
the canonical commutation relations are preserved under parallel transport, and with
doubled geometry the O(d, d) structure is explicit in its construction. Given that the
[’ connection seems to precisely correspond to the existence of universal coordinates,
we thus conclude that the I connection preserves the natural O(d, d)-covariance of the
embedding fields under parallel transport and gives the same deformation results as
the doubled geometry.

It is instructive to look at the general case where we have not yet chosen a connection,
i.e. we do not specify a regime for € (such as keeping ¢ fixed and finite, or taking a

limit € — 0 with some counter-terms). We find that

1
(SO&Z - _igw/ <(5gl/p - 2’75BVP)O‘Z + €2n5EVP@/in) . (797)
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Now, we would like to compare this to the doubled geometry. In the doubled case, we
have doubled oscillator modes al, = (o, @&,,,), and the self-duality constraints give us

Gy = —ET o Oy = B0 (7.98)

pr—no

From our earlier calculations, we have
1L ooncgr I Lo iy

where we have used 6V, ~ —%7—[” dHVE,. Thus, by taking the appropriate

components and using the self-duality constraints, we get
opak L o 4] o
EQ, = _59 ( Gup — Bup)an- (7100)

Thus, we see that, for agreement with the doubled geometry, we need to set v = %, and
this is independent of connection. Similarly, we would find that ¥ = —% by looking at

Q-

Thus, in general we require v = —y = % to preserve the O(d,d) structure, but it
is only for the [’ connection that these values are required, and in particular it is the
existence of universal coordinates which fixes them. As discussed earlier, universal
coordinates are special to the I’ connection and in general we do not have this additional
structure. For a general connection, there is some freedom to choose how the B-field
enters into the transformation, but if the O(d, d) structure is in place then the symmetry

between the metric and B-field removes this freedom.



Chapter 8

Nonlinear Sigma Models and
Off-shell Deformations

So far, our discussion of operator deformations using O and dg have been in the context
of genuine CFTs only and the calculations have all been fairly tractable. However, we
now once again look at the torus bundle examples of chapter 3, where we no longer
have conformal invariance, though these backgrounds can be used as building blocks
for honest string backgrounds!. The difficulty of working with toy models which are
not full string theory solutions is that we can no longer rely on worldsheet conformal
invariance and we are forced to consider off-shell correlation functions. The difference
between what we did in chapter 6 and what we will do now is that here we take the
r-dependence of the metrics into account when pulled back to the worldsheet, i.e. we
now move away from the adiabatic limit. This is something that has been largely
ignored in the literature, in part due to the computational difficulty of the problem.
The approach taken in String Field Theory will be our guide. The worldsheet theory
will be taken to be Weyl-invariant, allowing for the local decoupling of worldsheet
metric degrees of freedom, but at the cost of a loss in diffeomorphism invariance. The
ghost sector will not be changed under parallel transport and will not concern us
further. Instead of dealing with a complicated worldsheet metric, we imagine a local
coordinate system w; around each puncture. The coordinates around each puncture
are related to a reference coordinate system z, with respect to which any integration
may be done, by functions z = f;(w;). It is conventional to choose the locations of
the punctures as the origins of the local coordinate systems, so that z; := f;(0). The
details of the metric on the worldsheet ¥ are then encoded in the set of functions f;.

1See [52] for a recent example.
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On-shell correlation functions are independent of the choice of f; and may be written

as the familiar integral over the moduli space of punctured Riemann surfaces M, ,,

/ g ®1(21). B (20) ), (8.1)

Mg n

where p,,, is the usual measure on M, ,, built from ghosts and Beltrami differentials.
More generally, off-shell correlation functions will depend on the choice of f;. One way
to address this [37, 74] is to replace the usual integral over M, ,, with an integral over
Sgn C Pyn. Here Py, is the infinite-dimensional bundle with finite-dimensional base
M, , and infinite-dimensional fibres describing the possible choices of local coordinate
about each puncture. S, is a section of P, ,, with the same dimension as M, ,. If we
employ this construction for an on-shell correlation function, the choice of section S,
does not matter and we recover the standard prescription.

In practice, we will only be interested in following the deformation of a small
number of insertions (typically one at the point z = w and another, a spectator field,
at the origin) and so the details of the maps z = f;(w;) and which section of P,,, we
are working with will not be of immediate concern.

We will only be interested in deformations that preserve Ly = Lo— Ly, the generator
of rotations on the worldsheet?. This is true for CFT cases [22] and we have shown
in appendix F that this is true for the constant H-flux background we consider here.
Even though we shall often discuss the transformation of operators that are not in
the kernel of L, such as 0. X*, ultimately one would be interested in operators which
would be taken to lie in the kernel of L, as they would have a more direct relevance
for physical states.

In these more general cases where we are considering non-CFT deformations, we
no longer necessarily have the luxury of universal coordinates. As before, it will prove
helpful in this context to be more explicit about the objects at the self-dual point. In
particular, we will denote embedding fields of the theory before deformation by ¢*
(usually a free theory at some point of enhanced symmetry) and those of the deformed
theory by the more traditional X*. However, note that the theory with embedding
field ¢* may not simply be the T'? with background E = G, since, as we will shortly,
we will usually work on the cover where ¢* is decompactified, so the target space

will be R x T9~!. This is more of a technical point and will not have any effect on

2Ly = 0 need only be preserved modulo gauge.
3Neglecting the effect of terms not invariant under rotations was a property built in to the original
formalism of [23, 24]. Here it arises naturally from the vanishing of L; .



8.1 H-flux deformation 129

the calculations themselves, but, as we now explain, it means we can avoid issues of
topology change.
We will have in mind a worldsheet ¥ of genus zero, but we expect our considerations

to generalise to higher genus.

A note on topology change

For much of this section, our starting point will be a 7" with one or more circles tuned
to the self-dual radius R = v/a/ and a free worldsheet CFT describing the embedding
into this background. The backgrounds of interest will include target spaces with
constant curvature or constant H-field, described by interacting worldsheet theories.
In principle, one would have to contend with a change in the topology of the spacetime
(or in the doubled space) when switching on such constant fluxes. We shall sidestep
this issue by working in a covering space (such as T2 x R), where the deformation can
be smoothly turned on, and then an identification on the coordinates may be imposed

to recover the desired compact background?.

8.1 H-flux deformation

We start with the 7% with constant H-field H,,,. This background may be thought
of as a T? bundle over S! in which the B-field in the fibres undergoes a large gauge
transformation upon circumnavigating the base. In this case, we choose to work in the
cover T? x R where an identification on the base coordinate is taken to be imposed at

a later point. The action is
1 _
SIX) = 5 / P220X,(2)0X"(2) + / Hi... (8.2)
5 1%

where OV = ¥ and the ellipsis denotes ghosts and other terms that will not be relevant

to our discussion. The classical equation of motion is

00XH(z,%2) + H* 60X"(2,2)0X(2,2) = 0. (8.3)
Integrating gives
Xt(2,2) = (2, 2) — H"5 / 2w Gz, w)OX (w)IXN D), (8.4)
P

4This is similar in spirit to the perspective often taken in discussions of the T-fold [12].
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where ¢#(z,2) € Ker(99), i.e. is a solution on the torus with H = 0, and G(z,w) ~
—In|z — w|? is the Green’s function for 99 at genus 0. In the specific examples
below, we will introduce A such that H = A\ % 13. From this classical consideration the

deformation of d¢,(z) at first order is

d?w

0u(2) = OX,(2) = 06,(2) + A / 06" ()N (@) + ... (8.5)

Z—w

If we put the o dependence back in, we find that this simply corresponds to o — a/\2.
It is significant that o/ and A\? appear together® here and we will comment upon this
further in section 8.6. At higher order in A, the full quantum calculation will include
higher order contractions not given by classical considerations, but at leading order,
where only single contractions contribute, we expect the classical considerations to be
reliable. We shall see that this is true.

If one takes the base coordinate X(z,2) = x + ..., as given by (2.17), and only

considers the constant piece x, the deformation operator may be written in the form
1 _
O = 5 Hyup” /Z 220" (2)36" (2) + .., (8.6)

and we are in the adiabatic (free CFT) regime studied in chapter 6. Such deformations
fall into the class of toroidal deformations considered in chapter 7. We now turn to

determining the leading corrections to this adiabatic approximation.

8.1.1 Deformation at first order

As usual, we have a T? with coordinates (Y, Z) fibred over R with coordinate X and
an identification X ~ X + 27 later imposed. For this background, the important
information appears as a large gauge transformation monodromy of the B-field in the
fibres as X — X + 27.5 We usually choose the gauge such that

g = dr* +dy* +d2?, B = maxdy A dz, (8.7)

where m € Z, and the deformation operator, given by the pullback of the B-field to

the worldsheet, is

O6*] = m / Pz ¢"(2,2) F (2, %), (8.8)

5To see this one must redefine the fields as X* — A\71X#,
6Note that, apart from the circle case, we will always use X* to refer to a general coordinate
component, so there should not be any confusion in calling the first component X.
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where we have introduced
F2(2,2) = 00,(2)06,(2) % 06,/(2)96,(2). (8.9)

Calculation of iz

For the H-flux, since we have a non-zero B-field, we must evaluate the dz transformation
using one of the approaches described earlier. Since we have already gone through the
doubled geometry derivation, it is easiest to just plug in the H-flux background into

the result we derived, which we recall is
1 J

Doing so, we find that

1 1
0p0p, =0, dp0o, = §m¢x8q§z, 0p0o, = —§m¢28¢y. (8.11)

We have the g transformation, but if we want to compute the mode transformation
we would like to write this in integral form. The reason for this is that, in order to
read off the mode transformation da¥, we would like to have an expression of the form
S w ™ . where f,, is some expression in terms of the modes, which can then be
read off as the deformation of a¥, as we did for the stress tensor deformation (5.38).
Such expressions are most easily obtained from integral expressions like the ones we
have seen already (from expanding (z — w)~! in powers of z). We can show (details in
appendix D) that

d’z - dz
e6y(w) = gm [T 00,206.(2) — gm T 072, 2000.2), (812)
E/

< /
CO

where we define
/ = lim /. / = lim (8.13)
5 e cl lof
A similar result follows for dg0¢.. We can then use this integral representation to
compute the mode deformation. The calculation is fairly involved and the details are

in appendix D.
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Calculation of /¢

The deformation operator, that part of the transformation which changes the action, is
given by (8.8). Before proceeding, we need to think about whether this object makes
sense as it stands. If we require ¢® to be a compact direction, there will be a branch
point on the worldsheet whenever the string wraps the ¢* direction. This is manifest

in the periodicity condition

¢7(2,2) ~ ¢" (2, €72 = ¢7(2, 7) + 27w, (8.14)

where w € Z is the winding number around the ¢* direction. This leads to an ambiguity
O ~ O+ AO, where
AO = 27rwm/d2,z F (2, 2). (8.15)

There is no problem here though. AQO generates a large gauge transformation of the B-
field and is a symmetry of the theory [45]. Thus, the ambiguity simply reflects the fact
that the B-field is only locally defined, as the presence of the non-trivial H field strength
indicates. We shall see a more general way to deal with such symmetries in section 8.5.
For now, we shall assume our definition of the connection is augmented to include an
appropriate gauge transformation to account for the branch point. Alternatively (and
in practice), we could work in the cover (where ¢* is not compact), deform our theory
and then impose the relevant identification on ¢* in the new background.
Contraction of O with 0¢,(w) gives

5006, (w) = —fm / Pr——— 7 (2,2)06.(2), (8.16)
Z —_—
which we can more conveniently write as

800, (w 2)0¢. (% (2,2)00.(2),  (8.17)

where we have dropped the C!, integral since this can be shown to vanish. The first

order change in the modes is then given by”

doal = \;ﬁmz// d?z 2"0¢,(2)0.(Z) + \;ﬁmj dz 2"¢"(2,2)00.(2) + ..., (8.18)

"Using (z —w) ! = — D opsow "2 when |z] < |wl.
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where the ellipsis denotes divergent terms, which are dealt with according to the choice

of connection. As with dg, the details of this mode calculation are given in appendix
D. Similar results also follow for §0¢, and d0¢,.

The first order deformation

Putting the O and dp parts together gives the first order changes (evaluated on a

contour |w|=constant)®

000, (w) = fm/ (z,2), (8.19)

60, (w) = W” - dgbz 2D s

30¢.(w) = (2,2) + ;m j{ ¢x(z’j)f¢£<z’z), (8.21)
&

where we have written d¢.(z,2) = dz0¢.(2) + dz0¢.(2),dp,(2,2) = dz0¢,(2) +

dz0¢,(Z). In terms of modes, the first order deformation for o is

day = —;m/d% 2" F(z,2), (8.22)
with the mode transformations of o and «; taking a similar form. With a little work,
the integrals can be done and the € dependence made explicit. This is done in detail in
appendix D, where it is shown that the deformation in the d¢, modes may be written
as
boo = xAG7, + Y Bypasal  + ZCnpoz ar, n >0, (8.23)
P

where A, B, C are e-dependent constants. Only the first term contributes in the adiabatic
limit. These expressions give some insight into how turning on the H-field deforms the

free field algebra of operators.

8Note that we could explicitly extract the corrections of the adiabatic limit if we made the radius
of the base explicit, along the lines of the discussion around (6.11), though here we fix the base radius
to 1 for simplicity.
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8.1.2 Branch points and gauge-invariance

A few comments are in order. We claim that the second, branch-dependent, terms in
(8.20) and (8.21) are gauge-dependent. Note that, in this gauge, d¢, is in the kernel of
0g. This would not necessarily be the case had we chosen to work in a different gauge
and is a reflection of the fact that dr preserves the classical action. Had we chosen to
work in the gauge where B = mydz A dz, then 0¢, would have been in the kernel of dg.
The difference between these two gauges is the large gauge transformation B — B + A,

where A = 3md(zydz). In terms of the worldsheet, this is generated by
T Ly 1 T Y
Alo™, 6] = 5m ¢ ¢ ¢do.. (8.24)
)y

Contracting A[¢”, ¢¥] with 0¢,(w) gives the second term in (8.20), suggesting this
term really is a gauge artifact.
There is further evidence for this if we look at the solution obtained from considering

the classical equation of motion (8.3), which for Y is

1 _ _
00Y = —§m(8XaZ — 0Z0X). (8.25)
Given a solution ¢, to the flat equation of motion 85% = 0, this can be solved
iteratively. Doing so to first order gives

d*z

Z—Ww

506, (w) = —;m [ Faea), (8.26)

where 9Y = d¢, + d0¢, + O(m?). This can be seen, for example, by noting that
0 (ﬁ) = 0%(z — w). Thus, up to the branch-dependent terms, (6o + 05)d¢, is of the
same form as the classical result, which is what we would expect at first order, and
further suggests that the branch-dependent term is a gauge artifact. At higher order,
we expect our formalism to give the full quantum corrections and so the results will

differ from the classical case.

8.1.3 Absence of universal coordinates

Throughout, we have mentioned how the existence of universal coordinates is specific
to CFTs and is intimately related to the [' connection. The deformations we derived
above for the H-flux were in the ¢ connection, so we do not expect there to be any

universal coordinate construction there anyway (see section 7.1.4). However, what
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about when we use the I connection? As mentioned, the [’ connection is only naturally
defined in a CFT context, since we can always dilate the discs around the punctures
to arbitrary radius. However, it is still worth seeing explicitly the lack of existence of
universal coordinates in off-shell cases. We will take the deformation of d¢,, since this
is simplest and the form of the deformation is exactly the same in any connection, the

only difference being the integration domain. For the r connection, we have

1 >z

500, (w) = 5m / - F(2,9). (8.27)
S—(DiuDL)

Note that, in the CFT case, we took the disc around w to have radius € — 0, which

we had the freedom to do due to conformal symmetry. Here however, we do not have

this freedom and so we fix the radius of the disc around w to be 1. Now, recall that

we have

X"M(E) = —ig" (20X, (E) — 20X,(E)) , (8.28)

and that this is universal for a CFT with the I' connection. Given (8.27) and the

corresponding transformation for d¢,,°

386, () = ;m / S F(=2), (8.29)

S—(DLuDL)
we have

5X'(G)(w, @) = —i(wddy(w) — Wb, (w))

:_ZZ‘ / dQZFyZ(w,U—))< v, ) (8.30)

Z—w Z—W
S—(D§uDL,)

Clearly, this does not vanish, and so X' is not universal. Similar calculations can be
done for Y’ and Z’, as well as II,,. Thus, as claimed, we no longer have universal

coordinates for these off-shell deformations.

8.1.4 Higher order contributions

In the adiabatic approximation, the deformation of d¢, truncates at first order in
m, since the H-flux deformation JF is first order in m. However, if we are taking

the X-dependence in the B-field into account, we expect that there will be stringy

9We have used that, under complex conjugation, dz A dz — —dz A dz.
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corrections at all orders in m. Therefore, it is of interest to find a way to calculate
these corrections. In the CF'T case, i.e. when O has no ¢*-dependence, we described
a way to systematically generalise the first order procedure to all orders in section
7.1.3 and in more detail in appendix E. However, when there is ¢*-dependence in O,
this procedure would need significant modification. Nevertheless, this is still a starting
point to consider the challenges that arise at higher order. For example, at second

order, if we are looking at d0¢,(w), we would be interested in the integral

00,06, (w / 22, / d210(22, 5) 021, 71)00, (), (8.31)

where

—m / 226" (2, %) Fn(2, %), (8.32)
3

with 3; given by (7.30). Naively following the prescription used in the free field case, we
would first contract d¢,(w) with O(z1, 1), and then contract the result with O(z2, 22),

i.e. we would have the sequential contractions

)

QA (21)7

:_*/ d/ mas’w(z%za(a%(@)aw ) = 06-(22)06,(22))6* (1, 21)
L /dQZQE/(ZIdQZ;)Q (Fyz(z2,22)5¢z(zl)log|zl — 2

+¢z(22752)3¢y(22)¢w(21, z1)  lloglz — 2|?
(21 — 22)2 2 (21 — 2’2)

90,(: >) |
(8.33)

We could then compute this integral to obtain the result. Note that here we have
included both the single and double contractions between the z; and 2, fields, though
the double contraction term is most likely a divergent term that we would remove via
a regularisation procedure. In appendix E, we show that, as expected, the deformation
resulting from (O + d)? vanishes for d¢,, when we have a constant background E.
However, in this case, since there is X-dependence in E, we expect in general that
the same cancellations will not occur and that there will be second (and higher) order
corrections. As we can see from the above integral, the ¢*-dependence is explicit and
makes the calculation significantly more complicated, and will undoubtedly introduce

new terms.
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If we looked at higher order contractions, what we would see is that, in addition
to the terms that we would ordinarily get without the ¢*-dependence, we also get
additional terms coming from the ¢* contractions. The contractions which do not

involve ¢* follow the expected pattern, e.g. at third order, we have the contractions

do, (00, (90, (0, (w m /dQZS/dZZZ/ (z1 Zl) {

¢" (23, 53)3%(2’3)5%(53)3%(22)5@(52)5@(51) log |21 — 2|
[ _ } — -
; (¢>w<23,Z3>a¢y<z3>a¢z<23>a¢y<zZ>a¢z<22>a¢z<z1>

]
T

{ - - _
+¢" (23, 2’3)3¢z(23)3¢y(23)3¢z(22)3¢y(22)3¢z(21)> log |21 — 20|

r

[ } ]
ot (¢ (25, )00 (25) 00 (20)0" (22, 22) 00, (22)° (21, 21

(21 — 22)?

1

[ T — |
+¢l‘<z?,,zg>a¢y<Z3>a¢z<zs>¢x<zQ,@)aasy(zzw(zl,zl))

log |21 — 2|?

2(21 _ 22) ¢I(Z37 23)8¢y(z3)a¢z(Z3)8¢y<32)] (834)

and the term that we would have in the flat torus case would be

09.(73)9" (23, 23) 8" (22, 22) 9" (21, 1)
2(23 — 22)2 ’
(8.35)

67 (23, 73)0, (23)06-(53) 8% (22, 22) 00y (22)6% (21, 1) = —

whereas all other contractions would involve log terms from the ‘¢*¢*’ contractions.
Of course, when it comes to doing the integration, the ¢*-dependence will have a
significant effect here as well, so even terms which would still be there in the constant
background case may give extra contributions.

These calculations make it clear that it is better to make a specific choice of
connection, one designed to reduce the complexity of the calculations from the start.
As discussed above, the presence of the branch points is symptomatic of winding modes
around the base, and either working in the cover or incorporating an appropriate large
gauge transformation in the definition of the connection should deal with such terms.
It is unlikely that the calculation can be systematised in the way achieved for the CFT
deformations, as O can no longer be thought of as a map that preserves the subspace
spanned by d¢ and d¢. Instead, the O considered here mixes in other operators. It
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would be interesting to see if there is a relatively simple subspace that O preserves. It
is also clear that any candidate for a universal coordinate for this deformation would

need to be a more general vector within this subspace than that considered in [15].

8.2 Nilfold deformation

As a second example, we consider the T-dual of the H-flux, the nilfold. As above,
we shall take the base to be R and then impose an identification in the coordinates.
We shall see agreement at first order with the classical result here as well. We shall
investigate the T-duality between the H-flux and the nilfold in chapter 9 from our
parallel transport perspective.
The metric is
ds® = da® + (dy — mxdz)* + d2°. (8.36)

The nilfold is usually taken to be compact, with identifications on all coordinates.
For clarity, we lift to the cover (the three-dimensional Heisenberg group manifold
mentioned in chapter 3), perform the deformation, and then impose the appropriate
identifications on the coordinates.

The deformation operator is'”

O[] = —m [ ¢*F, +m? [(6)206.06.. (8.7)
% )

As before, we focus on one of the coordinates. We shall only consider the first order
deformation and so neglect the m? term. The worldsheet equation of motion for Y

for the nilfold is given by

9IY = ;m(ﬁXﬁZ +920X) + O(m?), (8.38)

and integrating out the 0 gives

d’z 1 d?z
Fi(22) = om [ = Fi(a2
—_— 2: (2, %) 5" T w 22 (25 2),
(8.39)

30¢,(w) = — me®(w, w)0p,(w) + ;m/

z

where we have used ¢*(w, )¢, (w) = [ d>z0 ( ) ¢*(z,2)0¢,(z). We will reproduce

this up to contour integrals using our formalism. The calculations are qualitatively the

1
zZ—w

10Unlike the previous example, there is a quadratic part to O in which normal ordering of (¢%)? is
understood.
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same as for the H-flux, so we will not give much detail. We have:

1

6(9 a¢y 5

(2,2)00s(= Z% Ty 200.2), (340

60y (w) = — §m¢x(wa 0)9¢:(w)
1 dz . B 1 dQZ
ZQmj;_u¢<aawua—2mJ2_

(2)0¢. (%), (8.41)

and so overall we have

(0 + 05)06, (w fm / 2+ ;m f ¢ (2, 2)dgs(z, 2) (8.42)

z—w
o

which agrees with the classical result up to the branch-dependent terms. The calculation

follows similarly for d¢,, 0¢., and overall we have, to first order in m,

506, (w) = ——m/ - _wF;z 2, 3), (8.43)

50, (w Fo(z2)+ m (22 dqz;(z 2 (8.44)

50¢. (w (2,2) + ;m jq{ qu(z’j)ilqiz(z’z). (8.45)
&

As in the previous example, we view the first terms in the above expressions - those
containing F /j'f/(z, Z) - as the physical deformations of the fields. The gauge ambiguity,
represented by the contour integral terms, correspond to target space diffeomorphisms

that are T-dual to the gauge transformations generated by (8.24).

8.3 T-fold deformation

For completeness, let us also look at the T-fold. Recall that this is a globally non-
geometric background in the sense that the metric and B-field are not well-defined
under the global base coordinate identifications. We will include the background here

again for convenience, which is

1 mx
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To first order, this is simply
ds® = dr* + dy* + dz* + O(m?), B = —mady A dz + O(m?), (8.47)

i.e. the same as the T° with H-flux, but with an overall minus sign in the B-field.
Thus, the first order deformations are exactly the same as for the H-flux, but with

overall minus signs, i.e.

00¢,(w) = —;m zdjzw F,.(z,2), (8.48)

d0¢,(w) = —;m Zcfzw F_(z,2z)+ ;mjl{ aﬁx(z,j)iiqiz(z,i)’ (8.49)
3% o4

506 (w) — —;m Zdjzw Fo(z,2) - ;m [ Wz’f)ffz(z’ D (350)

o)

When we come to the T-duality of these backgrounds in this formalism in chapter 9,

we will show how these deformations are used to demonstrate the dualities.

8.4 Deformations of the algebra of twisted torus
bundles

Recall from chapter 3 that the twisted torus reductions had gauge algebra (3.7). These
were generated by the left-invariant one-forms (3.6). On the worldsheet, we found
that the analogous objects, Z,, X%, generated a central extension of this algebra.
Additionally, we found that the algebra of the worldsheet operators Z,, X® obtained
from doubling the torus fibres was in fact (a central extension of) the full doubled
algebra (3.8) and not just the contraction (3.7).

Given the deformations we have derived above with the worldsheet interactions
taken into account, there is a question of how this affects the algebra of the Z,, X“.
Here, we briefly address this question. We will not explicitly derive the algebra in
full since it is not particularly enlightening, but we will go far enough to show that
there are extra terms, and it will be clear where these extra terms come from. The
fact that the O(d, d) covariant algebra no longer holds is as we would expect, since the
worldsheet interactions break the O(d, d) covariance of the deformations.

To derive the deformed algebra, we need the Z,, X®. Recall that, in section 6.2,

we wrote down the Z,, X® as twisted versions of II,,, X"#. We then used universal



8.4 Deformations of the algebra of twisted torus bundles 141

coordinates to derive their algebra at various backgrounds. Here, since we no longer
have universal coordinates, we need to be more careful.

In the most general case, suppose that we have a background E with corresponding
doubled metric H and doubled vielbein V. We would define

Ax =V, = (Z,, X9, (8.51)

where II; = (II,, X"*). Now, when we have a non-zero B-field, we need this doubled
setup in order to get the correct Z,, X*, much like how we needed the doubled geometry
to get the correct dp transformation in section 7.2. We will look specifically at the
nilfold case here, where there is no B-field deformation, to simplify things. In this case,
we simply have

Z, = e ', (8.52)

It will be useful to invert the equations (2.20) to get

X"(2,7) = —ig" (20X,(2) — 20X,(3)),  M,(2,%) = i2E},0X" (2)+i2E,,0X" (2).
(8.53)
Note that these equations are always true at any given background and do not rely on

the existence of universal coordinates. For the nilfold, this gives!!

I, = i(0X + 0X), (8.54)
I, = i(0Y +dY) —imX (0Z + 0Z), (8.55)
I, = i(0Z + 0Z) — imX (9Y + 9Y). (8.56)

If we use vielbeins such that de,* = %(5 guwe’®, we have

Z, =11, (8.57)
1

Z, =1, + 5mXIL, (8.58)
1

Z. =1L + ;mXTl,. (8.59)

We now substitute (8.54), (8.55), (8.56) into this and compute their OPEs. Up to now,
this is all as we would have in the adiabatic limit. However, the key point here is
that the II,, are no longer universal, so we must replace the 0.X,, 0X . terms in (8.54),
(8.55), (8.56) with the nilfold deformations (8.43), (8.44), (8.45) we derived earlier.

HwWe drop the 2,z factors here for brevity. They can be reintroduced via 0X,(z) —
20X,,(2),0X,,(2) = 20X,.(2)



142 Nonlinear Sigma Models and Off-shell Deformations

Let us have a look at one of the relevant OPEs. Recall from (6.37) that we had the
commutator

[Z:(0), Z.(0")] = —2mimd (o — ') Z,(d"). (8.60)

Using all of the above, we can write Z, and Z, as

Z(w) =1 (a@(w) + 0, (w) — ;m/dzz (F;(Z’Z) - Fyt(z’z))) : (8.61)

Z.(w) =1 (8@(@0) + 06 (w) + ;m/dzz <

Z/

+om f (2,26, ,2) (= + — )—;mwm,w)(a¢y<w>+5¢y<w>)).
(8.62)

Taking a closer look at these expressions, we see that the non-integral terms are
essentially what we had in the adiabatic approximation (6.38). To first order in m, the

OPE of these terms gives

;m (aqu(z) + é%(g)) ¢" (w, 0) (&by(w) + 5%(@)) N _lem <8¢y(w) N 8¢y(w)> |

and, if we are on contours where |z| = |w| = 1, this is just Z, to first order in m.
The other terms in (8.61), (8.62) will therefore give us corrections which vanish in the
adiabatic limit, and thus we see that we will recover the algebra (6.37) in this limit.
We will not do the calculations explicitly here. The above was simply to demonstrate
that the algebra (3.7) is not preserved when worldsheet interactions are taken into

account, but it is recovered in the adiabatic limit, as we would hope.

8.5 The covariant construction

Our discussion of the H-flux (and subsequently its T-duals) is always in the context of
a particular gauge choice. A gauge-invariant construction of the H-flux deformation

(or covariant construction for the nilfold) may be obtained using the background field
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method'?, which we describe briefly. The starting point is the Polyakov action'

|
e / &0\ /7y X Dy X" G (X). (8.64)
b

Sp[X] =

The first step is to split the worldsheet embedding X into two parts; X = Xy + ,
where X obeys the classical equations of motion and 7 can be thought of as a quantum
fluctuation as the path integral over X reduces to a path integral over 7. Working with
Riemann normal coordinates simplifies the problem and we define new coordinates for

the quantum fluctuations, n*, where

1
=t — §Fﬁp(X0)n”np + (8.65)

We consider the background field formulation which preserves the manifest covariance

of the theory. Substituting in the new coordinates X, 7, gives [25]

1
Sp[Xo +n] = Sp[Xo] + o /d20ﬁ7abguu(Xo)aaX5LVbﬁy
Y
1
+ Aral /d20ﬁ7ab {guV(XO)Van“Van + RMAGV(XO) (aaX(l)LangnAna
b))
4 wo N, o v 1 A0 m v
+§8GX017 n’Vn" + 37 Var"Vn > + } (8.66)

Note that this is now explicitly gauge-covariant. Note that Sp[X] and the terms linear
in 1 can be discarded if we choose X to obey the classical equations of motion'*. The
kinetic term is awkward in that it involves coupling with the background fields and so
a potentially complicated Greens function. One way around this is to work with frame
fields n* = e%,(Xo)n". Instead, we expand the metric g,,(Xo) around a flat reference

background
g,ul/(XO) = N + h;w(XO)- (867)

The covariant deformation operator, with respect to this background, is then

1
OQ[X077]] = Aol /dQUﬁvab {hw/(XO)vanuvbnu + R,LL)\cru(XO) (aaX53ngﬁAﬁa
b
é B A0 v 1 A0 i v
+38aXon n’Ven” + YA Voa*'Von” ) + . b (8.68)

2For example, see [25].
13We reinsert the o/ factors in this section for clarity.
HM1f X is a classical instanton solution, then Sp[X] will still give a finite contribution.
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To make contact with the discussion in section 7.2, we allow the possibility of a

non-trivial B-field. Suppose we have an anti-symmetric part of the action given by

Sas[X] = / Poe®9, X", X" B, (X). (8.69)

dmal

As with Sp[X], we can substitute in the background field expansion and obtain the
action in a covariant form. We will not write it down in full here, but the result is

given in [25]. The terms that are of relevance for us are

/ Poe® H ., (Xo)Du X4 o€ H o (Xo) "Vt V. (8.70)

Ve

For a flat background with constant H, these are the only contributions to O.

The background fields g,,,(Xo), Huwx(Xo) and their derivatives play the role of
the deformation parameters m®. The action is that of an interacting theory with
couplings specified by the covariant functions H,,,(Xo), Ruw,(Xo) and their covariant
derivatives. A natural construction would be to consider a natural basis of functions
fr(Xo) on the reference spacetime and to then decompose the background metric

deformation and B-field in terms of this basis, i.e.
hul’ XO Zc,uuff X() (871)

The coefficients ¢/ might then provide suitable local coordinates on M with which to
parameterise the deformation. In cases where the initial and final backgrounds have

15 Given a

different topology, it is natural to pass to the cover as discussed above
path in M between two backgrounds, the classical solution X varies as the action
changes as we move along the path. As such, the basis f; will also change along the
path; however, the expression (5.12) only requires knowledge of the moduli and their
derivatives along the path evaluated at the start of the path (where the theory is free
in most cases).

A connection on the space of such backgrounds is given by the variational formula
(5.8), where the OPEs can in principle be computed in perturbation theory.'® The

construction given in [22] and outlined in chapter 5 then gives the connection associated

15 There are of course well-known cases where one can smoothly change the topology in string theory
[75, 76, 9]. In such cases, a continuous path, without degenerations in the fibres, is expected to exist
between the two topologically distinct backgrounds.

16Q0r, by first finding the beta-functions, the OPE coefficients can be computed using the explicit
construction given in [23, 24].
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with deforming the theory by changing the value of the background metric and B-field.
Taking the reference background as the free theory, we only require knowledge of the
OPE of the free theory and we recover the previous construction of chapter 5, but now
in a manifestly covariant form.

By way of example, in the case of constant H-flux H,,, = Ae¢,,, on a flat background

huw(Xo) = 0, the deformation operator is

A 1
On[Xo,n] = drol /dQGeab <€uup3aXc’f@b77”77" + 36uup77“5a77”5b77”>, (8.72)
5

where X is the classical solution at A # 0'7. This is manifestly gauge invariant. Thus,
we see that the choice of branch cut for the X dependence in the B-field does not
make any difference to the physics, since these choices of branch correspond to B-field
gauge transformations. The interaction terms then, order by order in A, perturbatively
describe the deformation of the theory away from the A = 0 point. Incorporating
non-perturbative effects, which will be inaccessible via these techniques, is briefly

discussed in the following section.

8.6 Non-perturbative effects

What can go wrong? As alluded to in chapter 5, there is a close relationship between
parallel transport and conventional interaction picture perturbation theory, with the
deformation O playing a role akin to an interaction Hamiltonian and the parallel
transport (5.12) akin to a Dyson series. It is well-known that not all physics is
accessible via perturbation theory and non-perturbative effects can play an important
role. The issue of convergence of the perturbative expansion has an obvious analogue
in attempting to parallel transport from one background to another. We can only
hope to access that part of the deformed theory that is analytic in the deformation
parameter \.

In the H-flux case, one can show that, up to field redefinitions, A and o’ always
appear together and so one can use o’ as a proxy for A. Thus, non-perturbative effects
in o/ will also be non-perturbative effects in A\. The parallel transport will be blind
to phenomena like worldsheet instantons. This is not always the case and, in chapter
11, we briefly consider an example where non-perturbative effects in o/ are in fact

perturbative in A.

17To relate this to the background field description of the free theory at A = 0, one could write X,
explicitly in terms of A and the classical solution at A = 0 using (8.4).






Chapter 9

T-duality Revisited

We now have an understanding of how the d¢,, operators are deformed in the twisted
torus bundle backgrounds we have been considering throughout. In this chapter, we
consider how T-duality appears in the construction of the previous chapter and how the
requirements evident in the Buscher construction [7, 8] emerge in this framework. As
demonstrated earlier, we can use this method of CFT deformation to do the T-duality
at any background by deforming to it from the point of enhanced symmetry. We
then use a charge to compute the T-duality by acting on the stress tensor via an
automorphism. In some sense, this is a rather trivial process since, provided the
automorphism has a well-defined action on the operator algebra of the theory, it will
obviously produce a new description of the same underlying physics. Where this is
interesting is when the new description is also a conventional string theory, but with a
different interpretation of the target space.

We will also revisit T-duality of the torus bundles of chapter 3, but this time
away from the adiabatic limit. What we will find is that, though the calculations to
verify the dualities are more involved, the basic principle carries thorough in the same
way. What we uncover is a method for constructing T-dual backgrounds for more
general non-linear sigma model (NLSM) deformations, which potentially has greater
applicability than the Buscher procedure. We also briefly return to non-isometric

T-duality, discussing an idea of [15].
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9.1 Conditions for the Buscher rules

Recall that the Buscher construction requires the existence of a globally-defined?,
compact isometry in the target space which preserves all non-trivial field strengths in
the background. Do we see such requirements in this formalism and in what capacity?

We discuss the existence and compactness of the isometry in turn.

9.1.1 Existence of a continuous isometry

The requirement of an isometry can be seen from the fact that the action of the

T-duality charge () is not well-defined on X itself. In section 6.9, we saw that
eQpp(0)e™@ = —¢r(0) +C, (9.1)

where @ =  § do cos(2¢.,(0)) and C was a constant operator that was dependent on
the T-duality charge used. Thus, when we have explicit X-dependence, we have to
deal with the troubling operator C and it is not clear how to proceed.? In the Buscher
procedure, we cannot do anything without an isometry, whereas here the situation
is less clear. Subsequently, there is a question of whether we can make sense of the
non-isometric case regardless of the aforementioned difficulties. In section 9.1.3, we will
discuss how one might be able to make some progress on non-isometric T-duality using
a simple concrete example. Though the result is not conclusive, it is an interesting
approach to explore and it is clear that there is some mileage in this parallel transport
formalism with regards to non-isometric T-duality.

We can appreciate why the non-isometric case is much harder to understand if
we consider what is happening from the perspective of theory space. A point on the
space M is given by a choice of metric and B-field. Since an isometry will preserve
the sigma model, it is reasonable to identify different points on M if they correspond
to the same sigma model. Hence, an isometry will preserve the sigma model and
keep us at the same point. A more general diffeomorphism, which is not an isometry,
takes us to a different point on M representing a different sigma model. One would
need some non-local (from the sigma model perspective) deformation O to relate the
original fields with those after the diffeomorphism. This gauge transformation in the

target space is thus a non-trivial deformation (or parallel transport) in M. Therefore,

Tt may be that the requirement that the isometry is globally defined may be dropped [11].
It is interesting to note that the transformation is well-defined on those ‘self-dual’ states for
which p = w. If we set p = w, we actually find that the anomalous term C vanishes and we get

¢'Qpr(0)e™'? = ¢ ().
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from the worldsheet perspective, there is a significant difference between isometries
and non-isometric diffeomorphisms. Understanding this difference better is key to
understanding T-duality in the absence of continuous isometries in this framework.
For example, it may be that some kind of construction which is manifestly T-duality
invariant, even just for the cases where the Buscher procedure is valid, is what is

needed to make progress on the non-isometric case.

9.1.2 Compactness of the isometry

The Buscher prescription also requires the isometry to be compact. The necessity of
this requirement can be illustrated in the one-dimensional case, where we can consider
a limit in which the circle ‘decompactifies’. Recall that we can write 0X (R) in terms

of objects at the self-dual radius as
1 , 1 N
0X(R)(z) = 5(1 + R*)0X(z) + 5(1 — R*)0X(2), (9.2)

where 90X, 0X are at the self-dual radius. We might try to think of the ‘decompactified’
case as taking the limit R — oo or, by T-duality, R — 0. However, we can see from

the above that, if we take this limit, we get
1 _
0X(0) = 5(8X +0X) =TI, (9.3)

and doing the same for X (R) gives 0X(0) = II = 9X(0), i.e. holomorphic and

antiholomorphic derivatives seem to coincide. Another way of saying this is that if we

OX(R)\ X
(éX(R)) = M(R) (éx) ’ ©-4)

then the matrix M (R) degenerates in the limit R — 0. This failure of the self-dual

basis to extend to this case is unsurprising and suggests a new ingredient would be

have

needed to extend the duality to this unlikely case. One suspects the curvature of the

connection would be badly behaved at this point, although we have not checked this.

9.1.3 Non-isometric T-duality via Fourier expansions

Given the above discussion of the requirement of an isometry, it seems like, in the parallel
transport formalism we have presented here, there may be some leeway regarding

this requirement. In [15], an interesting idea was presented where, given some metric
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with X-dependence, the T-duality of the corresponding stress tensor could still be
computed by considering the Fourier expansion of the metric. The idea here was that
exponentials had a well-defined transformation under the T-duality automorphism @)
and so, by expressing the metric in terms of such exponentials, we could compute the
T-duality.

The main issue with this is that the construction in [15] still assumes the existence
of universal coordinates. As we saw, if there is explicit coordinate dependence in the
background then we do not have universal coordinates, and so this idea does not seem
to be quite right. However, even in the absence of universal coordinates, we will try to
see if there is any mileage in it. For simplicity, we will just work in the d = 1 case and
we will assume that we start from the self-dual radius point £ = G. Let us suppose

we deform to some metric g = G + A\dg(X), where
0g(X) = ™™, (9.5)

where we use the shorthand kX = k; X;, + krXg, kg € Z, and ) is some expansion
parameter, i.e. we have a single Fourier mode in our deformation. In order to compute
the duality, we need to compute the deformation of 9¢ and then use this to compute the
stress tensor T, and subsequently the T-duality. Given the above metric deformation,

we suppose that the deformation operator can be taken to be
0=\ / B220¢(2)Dp(3)eM0 D), (9.6)
Thus, to compute the deformation of d¢(w), we take the OPE
[ 206(2)00(2)¢" =00 (w)
~ / d*z l—i )25(;5(2)@““1’(”) + 2(;]€_Lma¢(z)5¢(z)eik¢w>]
_/dz [ ( <5¢( zZ)e kaz)) B 0¢(2)5¢(5)ik‘wik¢(z’z)> n = ikr 06(2)96(2)e o=

w— 2z w— z Z—w)
1

)

90(2)e ), (9.7)

i.e. we see that the contraction of d¢(w) with the exponential is cancelled by a
contribution from the contraction with d¢(z). Thus, the final result looks very similar

to what we obtained in chapter 7 for the constant circle deformation and we find that,
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for |z| =1,

o0¢ = —= ao>< )2, (98)

We expect g to act in the same way as usual, ie.
Ao ke
Op0p = §8¢e , (9.9)
so that overall we have
A zkd) (2,2) Zx -
500(2) = 5e™ ) (96() — Z06(2)) (9.10)

Now, the stress tensor is given by T, = ¢"/(X)9X,0X,, so the exponential e*X
will appear explicitly as well as e*®. From earlier (and appendix A), we know how
exponentials in ¢ transform, but, due to the lack of universal coordinates, we do not
know how exponentials transform away from the self-dual point. This seems to be a
major obstacle in deriving the duality, but we will try to proceed anyway, albeit in a
ikX

rather speculative way. Suppose the deformation of e"** can be written as

’LkX Z fn lTL(f)7 (911)
nR,NR
where n¢ = npor + nror and the f, are constants. Recall from (4.48) that, for ny,

even, we simply have
e QemitLe=iQ — o=inLéL (9.12)

Thus, let us simplify things by supposing that ki g, nz r € 2Z. In this case, under the

duality, we have

Qe X e =N f (k)e ™. (9.13)
Ideally, what we would like at this point is to be able to say
fon(k) o< fulk), (9.14)

where kX = —k; X| + krXg. This is because, if we can say this, then we essentially

have
QX g7i@ — kX (9.15)
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Thus, the stress tensor would be

1
1+ etk X (2,2)

_ 2
T,(2) = @¢+ *WZ(ww>—j%@0>, (9.16)
and if the duality does ¢ — —0¢ as well as (9.15), overall we simply have the usual

Buscher rules, but with & — k, i.e. the dual metric is g, where

1
g=—""—. 9.17
J 1+ AethX (9.17)
Another way one might be able to arrive at this result is to suppose that the exponential

at g can be written as a simple deformation of the corresponding exponential at G, i.e.
ehrXe — gikror 4 setkror (9.18)

If we assume that there is no dg transformation, then we only need to look at the OPE

of e*r?L with the deformation operator, which is
/d22 L 0¢(2)0(2) k92 . gtkrorlw) .

N Ao ik(22) ikLbr (w) . K2 iho(22) gikLoL(w) |
[ gy Dol w2 010 |,
(9.19)

where we have put the normal ordering in explicitly for clarity. If this integral is what
gives us the deformation de*292 | then the effect of T-duality on §e**2X% can be deduced
from the T-duality transformation of the above integral, which would once again be
the usual Buscher rules together with k;, — —kj.

Note that we have made many assumptions for the exponential transformation along
the way, so the above does not constitute a proof of the duality, but it at least goes
some way to showing how progress could be made on non-isometric T-duality in this
formalism. It may be that the deformation of exponentials under generic deformations
of the metric is a solvable problem and can be done properly, at least in these simple
cases. If so, then the T-duality should be doable and, if this method is valid, this
would be a concrete example of non-isometric T-duality. It should be noted though
that, if the deformation is simply a target space diffeomorphism, then the background
is physically the same as an isometric one, even if it appears to be non-isometric. Since
all circle backgrounds in the d = 1 case are diffeomorphic, the above example could be

argued to be ‘secretly isometric’.
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Additionally, there are some issues with this approach that need to be straightened
out. In particular, there is obviously some tension in going from an object like X,
which is not periodic on the worldsheet, to the pullback of the Fourier series of x to the
worldsheet, which ¢s periodic on the worldsheet. There is a kind of non-commutativity
of taking the Fourier series with pulling back to the worldsheet, and this must be
understood properly. In particular, this approach would probably not be applicable
to the R-flux case. This is because the R-flux background is not globally defined,
whereas fourier modes always are. Another issue here is the ambiguity of the T-
duality transformation of exponential operators. As we saw in chapter 6, the precise
transformation depends on the charge used. In general this may not matter since it is
just the overall factor that is affected. However, if we are interpreting exponentials
as terms in a Fourier series, then such factors are important, and different charges
might give different functions after T-duality. There is then a question of whether
these different backgrounds are equivalent, or if there is some gauge symmetry relating
them. Thus, there are many issues that need to be understood in more detail before
this Fourier expansion approach can be trusted.

This is all we will have to say on non-isometric T-duality. For now, we turn our
attention to how T-duality generally fits into our framework and how we can derive

T-dual backgrounds using the formalism discussed in this thesis.

9.2 Deriving T-dual backgrounds in the parallel

transport formalism

The transformations we have obtained using the parallel transport formalism are
different to what we would expect from the universal coordinate methods considered in
chapter 6, which give an adiabatic approximation. The application of this formalism
to T-duality in trivial torus bundles was also discussed there. We turn now to study
T-duality in the torus bundles discussed above.

For a CF'T associated with toroidal backgrounds, we know that the left-moving

component of the stress tensor is
Ty = g"0X,(F)0X,(E), (9.20)

but for general sigma models there is no clean split into left- and right-moving sectors.

Nonetheless, Tg is a useful object to consider as it is the simplest composite operator
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that is a target space scalar and so invariant under dg. This invariance under dg
streamlines the analysis somewhat.

By writing the stress tensor in terms of fields defined at the self-dual radius, [15]
showed how to use the stress tensor to compute the T-dual of a given background:
starting with some background E and writing T in terms of the fields at the self-dual
point, one can use the action of T-duality at the self-dual point to determine the stress
tensor for the dual background, written in terms of the self-dual basis. Tg transforms
as

Ty — Tp=UTgU™* (9.21)

under the T-duality automorphism U = €9 discussed in chapter 4. Knowledge of how
the stress tensor changes under a general enough class of deformations (e.g. marginal
deformations) then allows one to read off £ from the dual tensor 7).

For the toroidal backgrounds considered in [15], this was essentially a novel derivation
of the familiar Buscher rules that we wrote down in (2.47). Much of this structure
carries over to the more general constructions considered in the last chapter. In this
section, we sketch how known dualities are realised in the framework presented in this
thesis and to what extent one may use it to generalise beyond the cases where the
Buscher construction is valid.

It is important to stress that it is not true that the deformation operators for T-dual
backgrounds @ and O are related simply as ¢/ 2Qe~*@. That this cannot be true is
easily seen if we consider the explicit deformation parameters of the 7 with constant
H-flux, nilfold and T-fold backgrounds with respect to the 7° CFT:

On=m [ ¢"F, (9.22)
/
On = —m / 6T +m? / (6°)20¢,0¢., (9.23)
b by

Ortod = —m / $TFL+ 3 (1) (n+ 1) (m)> / (6°)" (96,00, + 0.0, — m¢" Fy.).
by by

n>1

(9.24)

These are clearly not related simply by a change of sign of the chiral field along the
direction the duality is being performed3. The reason is that the dual descriptions of

the theories involved different parameterisations of the backgrounds. In general, if we
have two dual backgrounds E = G + §E and E = G + §E, where G is the background

3Although they are related in this simple way to first order in the parameter m.
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metric at the self-dual point, the deformation operators are given by
Op = 0E,, / 068", Op = 0E,, / DI . (9.25)
5 5

If we try to T-dualise Op explicitly in the y-direction say, this would simply correspond
to 0¢, — —0¢,. However, this is not sufficient to relate O to Op, since we also need
6E — §E, which is not induced by the simple automorphism on the fields alone. From
the worldsheet perspective, E and §E are coupling constants for perturbations of
two different, but related, theories. In order to relate these deformations, we must

understand how the coupling constants are related.

9.2.1 Trivial torus bundles

First, let us briefly verify the constant case, i.e. when E has no coordinate dependence.
This is essentially the same as [15], though we include it for completeness and to
illustrate the general idea. Specifically, we want to use the stress tensor to show that
the O transformation in the dual background can be deduced from the O transformation
in the original background. As above, suppose we have some background £ = G + 0 F,
where JF is not necessarily small (i.e. this is to arbitrary order), as well as the
corresponding deformation operator Og. From this (together with §g), we can find
0X,(E) in terms of the self-dual point objects, and we know in this constant case that
we simply reproduce the results of [15]. Thus, the stress tensor, T, can then be T-
dualised and we obtain the dual tensor 7. We can then read off E and therefore deduce
the dual operator Op, where E = G+6E. Of course, in this constant background case,
we already know that the relation between F and E is given by the fractional-linear

transformation

a b

E=(aE+b)(cE+d)™, U= ( o

) € 0(d,d;Z), (9.26)

which leads to a complicated relationship between the deformation parameters in Op
and Op of the form

OF = (a(G + 0E) + b)(c+d) " 3 (—=1)" ((c+ d) 'dE)" - G. (9.27)

n>0

Note that, in general, there is a non-trivial zeroth order term here, but for the cases

we are considering (i.e. T-duality), it is always true that a + b= c+d =1 [12], and so
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we have

6E =aSE Y (—1)" (c5E)". (9.28)

n>0

The complication caused by the transformation of dE reflects the fact that the way
in which the data m® parameterise the space of backgrounds depends on the duality

frame chosen.

Circle example

It is easiest to see this in a concrete example, so we briefly review how this works for
the familiar case of the circle. The metric G at the self-dual radius v/G is changed to
g, with a corresponding change in the field ¢ to X, so that, using (7.7),

OX — ;<a¢ + a¢) + ;gG_l <8¢ _ 8¢). (9.29)

As seen in chapter 7, this can be constructed from the deformation operator

2 Als _ 9= G
The deformed stress tensor 7' = ¢ '0X0X may be written as
1 _ 2
7 =207 (149G )00 + (1= 96736 (9.31)

Under the T-duality automorphism, U(d¢, 0p)U~! = (=d¢, ), so the dual stress
tensor is (note the relative sign change between terms)
-1 _\2
7 4g1((1 4 9GNP — (1 gG1>a¢> . (9.32)
T may be written in the form of (9.31), but with g replaced by § = G?/g, thus
recovering the standard Buscher rule for d = 1. The dual theory can also be expressed

as a deformation of the self-dual theory by the operator

O =X\ L 2 09(2)00(2), A\ = T (9.33)

The relationship between the deformation parameters A and ) is an alternative writing

of the Buscher rules and is an example of the transformation (9.26).
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9.2.2 Stress tensor deformations and T-duality

In this section, we consider a more general case where the background has some
coordinate dependence. The reason why the stress tensor was so useful for the constant
case was because we could write down a general form for Tg for any constant background
E. When there is coordinate dependence, to do the same using the parallel transport
method, we need to know explicitly what the coordinate dependence is.

As always, we start with a reference background, which we take to be a torus,
tuned to the self-dual radius with coordinates ¢’ and a single base direction with
coordinate ¢, such that ¢* = (¢°, ¢'). We assume that the base is R, but may impose

identifications so that it is an S'. The action and stress tensor are
- / OIS + G061, Ti = 06°0¢° + G0 9 . (9.34)
M

This background is then deformed to a background of interest. The associated defor-

mation operator is
Ol¢*] = [ &2 0E,(67)06'05, (9.35)
where we define 0F;; := E;; — G;; and we allow this to be a function of ¢*. It would

be natural to express dE;;(¢") in terms of a basis of functions on the base f;(¢%), so

that there is a well-defined decomposition
Z] (bz Z >\z_] f] 7 (936)

where the )\Z(-JI») give a set of coupling constants for the deformation. Our approach will
be to work on the cover of the base (in this case R) and then impose identifications
¢° ~ ¢® + 271 after the deformation. This leads to a natural (although not unique)

decomposition of the deformation operators O = Y_; Oy, where
O/[6%] = / AD £1(¢7) 061 (9.37)

One then uses this deformation operator to deform the operators of the theory, such as

the stress tensor:
T =Tg + 00(Tg) + do2(Tg) + ... (9.38)

The T-dual stress tensor is given by applying the automorphism? Tz = € @Te .

This then gives a perturbative description of the dual stress tensor. To leading order,

4We assume the duality is performed along one of the fibre directions.
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the deformations are related by
To +65(Ta) + ... = Tg + €900 (Te)e @ + ..., (9.39)

where we note that Ty is invariant under the action of the automorphism. This is hard
to calculate in practice and tends to yield complicated expressions on both sides, as the
stress tensor written in terms of the reference background is likely to be a complicated
and unfamiliar object. It is possible, in principle, to extract information on the dual
background E’ij, from which one could construct a dual sigma model. Given a generic
enough deformation, one for which both the original and dual theories are particular
examples, one can in principle construct the stress tensor of this generic theory in
terms of the fields of the reference background. The couplings Xz(j[) of the dual theory
can then be read off from Tz, and the dual deformation dE;; constructed as with (9.36).
The dual couplings will be functions of the couplings of the original theory :\Z(jl)()\) and
this relationship is, in essence, the Buscher rules relating the two backgrounds. This
generalises the torus case (9.27), a simple example of which is the relationship between
the radii of a circle background and its dual.

It is worth stressing that the dual theory may be found in terms of its operators;
however, identifying the explicit background for a sigma model construction is more
involved. The procedure we have outlined here is the straightforward generalisation
of that used in [15] for toroidal target spaces. The simplifying feature there was the

existence of universal coordinates with which to calculate.

Leading order deformations and duality

In general, using this approach to deduce T-dual backgrounds is difficult to do compu-
tationally, so we will only demonstrate this to first order for a relatively simple case.
In particular, we will suppose that we start from a trivial torus bundle as described

above and that we deform the background in the fibres to some background F;;, where
Ei; = Gij + A" Ey; + O(N?), (9.40)

where 0 F' is constant and A is some small parameter. We will deduce a general form
for the stress tensor T. Additionally, we will assume that the dual background E is of
the same form, i.e.

Eij = Gij + A\¢"0Ey; + O(\?). (9.41)
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This is of course true for the nilfold and H-flux, for which we will verify this method

explicitly. To compute T, let us first compute the deformation of d¢,. We have
Op = MEj; / B0 D (9.42)
5

The calculation of the first order change in d¢,, closely follows the method set out in
chapter 8 and so we will be brief here. Taking the OPE with 0¢; and including the dg

contribution \

which can be written in integral form as similar to (D.29), gives

00i(w) = ~ S0, [ L2 ]W 22z, (944)
E/

where we recall that d¢”(z,2) = 0¢"(2)dz + 0¢”(Z)dz. For O¢, there is no &5 transfor-

mation, so we have

2 —_ .
300,(w) = 508, [ <00 (:)061(2). (0.49
E/

Thus, we can now substitute this into the stress tensor to get the deformed stress
tensor 1" = ¢"0X,(E)0X,(E), where E = g+ B, and if we write g;; = Gy; + Mg,
then, to first order, dg¥ = —G%*35g,,GY. After a short computation, we find that

d2

Tp(w) = Ta(w) — Adgy;¢™ (w, w)0¢' (w)0d (w) +)‘a¢x(w)5Eij/z 0¢'(2)0¢’ ()

Z— W
SV

We could also write the last term in integral form if it is more convenient, using (D.29).
This can now be used to compute the T-dual operator Oz. We will demonstrate this
by doing the H-flux/nilfold/T-fold example explicitly.

Example: H-flux, nilfold and T-fold

Let us look at how we can use the above to compute the T-dual to first order. Starting
with the H-flux, we have F;; = G;; + m¢*0E;; + ..., where 0F;; and the associated
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deformation operator are

0 1 .
0B = (_1 0) : Op = mz/gb F,. (9.47)

Substituting in the results (8.19), (8.20), (8.21), the stress tensor for the H-flux is
given by

d2
Ty (w) = Te(w) + me"? 9, (w) / - _"‘w Fy(28) + oA Tu(w),  (948)
E/
where *(2 3)d
AT (w) = —me9n(w) § £ 24032 2) (9.49)
—w
is a gauge-dependent piece (¢¥* = —g*¥ = 1). Let us now compute the T-duality trans-

formation for this in the y-direction, which we recall is obtained via the transformation

0¢, — —0¢,. Doing so gives

Tu(w) = Tu(w) = To(w) — mdd,(w) /

& &
+m0g, (W) [ = F(2,2) + mo.(w) [ S (2.%)
> >/
+ o, (w 74¢m 2,2 d(bz(z Z) . )%(bw(z,z; idfy(z’Z), (9.50)
&

and using (D.29) we can extract a non-integrated term from the last term in this

expression, so that we get something of the same form as (9.46):

. 2, B
T (w) = To(w) — ma%(“»g// o F+(z zZ) + maqﬁy(w)z/ . _Zng;(z,Z)
2 $
+m(9<bz(w)2// zd_ZwF (2.2) + mdd, (w ¢ (2, 2 dq:;(z 2)

+ M. (w ]{ (2,2 d%<z )+ o (w, B0, (1), (). (9.51)
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Comparing with the general result (9.46), we can read off that this dual background is

Eij =G + mqbzéEij, where 5El~j and its associated deformation operator are

- —1
>

We recognise this as the nilfold background (8.36) to first order. We can also verify,
using (8.43), (8.44), (8.45), that (9.51) is indeed the stress tensor of the nilfold. Thus,
the known duality is recovered to leading order.

For the T-fold, recall that, to first order, the deformation was simply minus that of

the H-flux. Thus, since the metric is simply g,,, = d,,, + O(m?), the stress tensor will
be

Tr_porg = (8¢, + 606,)° + (0, + 60¢,) + (0., + 00¢.)> = Tg — 0Ty,  (9.53)

where 0Ty = Ty — T. Thus, to confirm the duality, we simply need to dualise the
nilfold stress tensor (9.51) and compare with (9.48). The duality is in the z-direction,
so we do 0¢, — —0¢,, which gives

Tn(w) — Tn(w) = Te(w) — mde,(w) / dQZwF@, 2)

z— ye
E/

+ mdg, (w) [ zd_QZw Fii(z2) = mdo-(w) [ ZCwaFwZ(z, ?)
b Y

- mdy (w) % ¢"(z, 22 icfz(z, z) mdb. (w) j{ ¢"(z, EZ) iﬂify(% 5)7 (9.54)
& &

which can be rewritten as
Tn(w) = Ta(w) — 6Ty (w)
— 2mdé,(w) ]{ - Ofw (2, 2)06,(2) + 2mde. (w) f . (izw 6" (2, )06, (2)
2 N 2 _
rom, [T 06.(2)06.(2) — 2mdo.(w) [ T2 00,(:)80.(5). (059

Using (D.29), it can easily be shown that the last two rows in (9.55) cancel, and so we
do indeed have Ty = Tr_ fola to first order in m, so the duality is recovered once again.
Note that, whilst in the Buscher procedure the conditions for its application are

not strictly met in the case of the T-fold, since the isometry in the z-direction for the
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nilfold is not globally defined, in the procedure above the same issue does not seem to
be present. Aside from the fact that the T-fold background itself is not globally defined
under periodic identification of the base, the application of the above procedure is still

valid.

9.3 Making use of the doubled formalism

The benefit of the doubled formalism is that T-duality is a symmetry of the sigma model
and so many of the complications of the previous section do not arise in this framework.
For torus bundles of the kind we have been considering (isometric, non-degenerating),
there is an explicit doubled formalism, and the deformations may be understood in
terms of a deformation of the doubled metric. As such, the deformation operator O
transforms naturally under O(d, d;Z) and T-duality may be simply understood. It is
rare that we have a concrete doubled formalism® and so we do not expect to learn
anything new, but it is useful to see how a doubled formalism may be put to good use
when one is available.

The doubled action is given by® (7.74) and can be written as S = Sy + ASg,
where S is the action for the flat doubled torus, and we expect that the associated

deformation operators satisfy
¢ COp(E)e @ = Op(E), (9.56)

so the deformation operators of dual backgrounds are indeed T-dual in the doubled
formalism. This is easiest to understand by looking at an example, so let us show this
explicitly for the nilfold/H-flux case. Starting with the nilfold, with metric (8.36), we

have the deformation

0  —mX 0 0
1 _ —mX (mX)>? 0 0
ASy[X] =5 / M1 (X)OXTOXT,  6H(X) = 0 ( 0> (mX)* mX
b
0 0 mX 0
(9.57)

5Identity structure manifolds seem to be the exception.

5We explicitly discuss the case where only the fibres of the torus bundle are doubled. The
generalisation to cases where all directions are doubled including the associated WZW term in the
doubled action is expected to be straightforward.
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Now, let us do the same for the H-flux. In this case, we have the deformation operator

(mX)>? 0 0 mX
1 , - , 0 (mX)? —mX 0
ASulX] = 5 / SH (XXX, )= T T
b
mX 0 0 0
(9.58)

Thus, we have the marginal operators

On [ﬁbx] = ;/ (_m¢x<a¢yé¢z + a¢zé¢y - aéyéﬁgz - aﬁgzéﬁgy) + (m¢$)2<a¢;y5€5y + aﬁbz&bz» )
)

(9.59)
1 ~ — _ . _ . ~ — _ _
OH[¢x] = 5 / (_m¢x<a¢ya¢z + a¢za¢y - a¢ya¢z - a¢za¢y) + (m¢x)2<a¢ya¢y + 8¢za¢z)) )
P
(9.60)

and we can see that, under the duality transformation ¢V <+ ¢¥, we do indeed have
e ?One @ = Oy, as expected. The utility of the doubled formalism is that it gives a
duality-covariant parameterisation of this limited space of backgrounds.

Note that the above result is non-perturbative in m. Thus, for these specific cases
where we have a doubled formalism which is explicitly O(d, d) covariant, it is easy to
recover the full duality to all orders. For more general backgrounds where we do not

have a doubled formalism, we will need to use the methods of section 9.2.2.






Chapter 10

Fermion Deformations

Everything we have done so far in this thesis has been for bosons. We now turn our
attention to fermion deformations. We will look at deformations for both the flat torus
case and cases where the background has explicit coordinate dependence. We will
find that the bosonic deformations we derived above obtain fermionic corrections in
the non-CF'T case. We will also look at the T-duality between the nilfold and H-flux
and show that, even with the fermion deformations included, we are able to recover
the duality to first order. We will also explore how picture changing fits into this
deformation story, and we will see that this puts operator deformations on a slightly
less certain footing in the supersymmetric context. We work solely with fermions in
the NS-NS sector throughout, and we will only look at N = 1 supersymmetry. The
content of this chapter is based on unpublished work by the author.

10.1 Fermion deformations on a flat torus

As we did for the bosonic case, we will initially look at the deformation on a flat
torus background in (2.1). We will find it useful to adopt the superspace configuration
initially, since the construction is reminiscent of the purely bosonic case. Much of
the calculations will go through similarly to the bosonic case, but there are subtle
differences that must be addressed with care, as we will see. Initially, we will proceed
naively, assuming that the methods used for the bosonic case generalise easily to the
fermionic case. Later on, in section 10.6, we will show that one must be careful because
the deformation operator can be written in different pictures, and this changes how we

think of operator deformations in general.
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10.1.1 Backgrounds without B-field

To start with, let us look at the deformation of the fermion on a flat torus for general
metric, but B-field B = 0. It is easiest to do this in superspace, i.e. we put the toroidal

CFT on a supermanifold with anticommuting coordinates 6, 6, such that

0> =0>=1{0,0} =0, (10.1)
where integration is defined by
/d290§ —1, (10.2)
with all other integrals zero (up to equivalence via the relations (10.1)). We define the
superderivatives
D=0y+00., D=0;+00;, (10.3)
which satisfy
D? = 9,, D? = 0;, {D,D} =0. (10.4)

The superconformal-invariant action is given by

S = ; / &2d*0DX"(2) DX, (2), (10.5)
S

where we recall that we have dz A dz/2mi, the o/ factors are absorbed into the fields, S

is the super Riemann surface and
XH(z,2) = V2XH" (2, 2) + i (2) + i09"(Z), (10.6)

where z = (z,0) are the super-coordinates on the worldsheet. Note that the theta
integral can be done explicitly since the integral simply extracts the coefficient of 6.

Doing so, we get (when there is no B-field)
1 A - —_ —
§ =3 [ @ (20X4(2)0X,(2) + v (=) + 0400,(2)) (10.7)
>

which is the usual N = 1 superstring action. The equation of motion can be written as

DDX"(z,7) =0, (10.8)
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and the OPE is
X#(Zl, Z_l)XV(ZQ, Z_Q) ~ —g‘wj log ’21 — Z9 — 61‘92|2, (109)

or if we take ¥ on its own,

Nz

P (w) ~ (10.10)
and similarly for ). From this, we can compute
9"
DXH"(z1)DX"(zg) ~ — (10.11)
DX*(21)X" (22, 22) ~ m, (10.12)
XF (21, 71) DX (2) ~ L 01T 02) (10.13)

21 — 25 — 010
Now, we would like to use the above setup to compute the deformation of ¢*. Firstly,
given everything we have done so far, a natural question to ask would be whether
there is a universal coordinate argument we can make for fermions. Given that the
superspace construction looks rather similar to the bosonic construction, it may seem
as though there should be, but in fact there is not. We will explain why in section 10.3,
but for now let us move on and compute the deformation using the parallel transport
formalism of chapter 7.

As we did in the bosonic case, we can look at the marginal operator O and use
this to compute the deformation of DX. Consider the case where we have a metric
deformation ¢ — g+dg. In the bosonic case, the deformation operator was simply given
by the deformation of the action, and this deformation was generated by the graviton
vertex operator. In this case, we would expect the same idea to apply. However, recall
that we now have the added complication of different picture numbers. In this chapter,
our calculations will only involve the deformation operator corresponding to the (0,0)
picture graviton vertex operator, which is in fact given by a simple deformation of the

superspace action, i.e.

0- ; [ g, DX (2) DX (2). (10.14)
b
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Note that, were we to integrate out the fermionic coordinates, we would return to the
bosonic deformation operator, since the fermionic parts vanish on-shell. In section
10.6, we will explain in more detail how this is the (0,0) picture number deformation
operator, but it is possible to construct deformation operators in other pictures as well,
such as the canonical one.

Now, considering the deformation of DX, (w), where w = (w, ¢), we have the OPE

5gupDX"’(Z)

g (10.15)

; / ?289,, DX () DX?(2) DX ,(w) ~ —; / %z

s Y
Now, recall that in the bosonic case we compared the results of the O calculation with
the mode expansion of 0.X,,(g + dg), i.e. the deformed operator. Here, we would like
to do something similar. What should we compare the above to? Since it is DX (w)
which we are deforming, we need to know the mode expansion of this operator. We

have

DX, (w) = itp,(w) + V260X, (w), (10.16)

where, since we are in the NS-NS sector, the mode expansions are
w) = Zguuwﬁl/zwfnflv Yu(w) = Zguvw;;ﬂmwinfla (10.17)
n n
where the modes obey the anticommutation relations

{wr/jJrl/Z? wq’iﬂ/z} = {&Zﬂ/zﬂzzq/z} = 9" 0ntm.0- (10.18)

Thus,
V200X, (w) + i, (w Zgwj( ipal + ) W (10.19)

Going back to the O calculation, we can expand

1

s ) DU =Y w " — nfgz" Y, (10.20)

n>0 n>0

where the last equality follows from the fact that 6, ¢ are fermionic. Thus, (10.15) can

be written as
0ur 5~ yn /dZZ(Zn — nfo2""") (" (2) + V200X (%)) | (10.21)

2 n>0 S
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and doing the fermionic integral gives

G > w / d*znz""190X (2) = _592“” > pw %dgznéx(g)’/, (10.22)
s ¢

2 n>0 n>0

where in the last step we have integrated out a 0, to go to the boundary. Thus,
comparing this to (10.19), we see that we recover the usual bosonic transformation of

the «,, modes, and additionally the fermionic modes are unchanged, i.e.
do, = 0. (10.23)

Given our discussion above regarding the picture number, this is as expected. If we

assume that the dr deformation acts as usual, we overall have that

(o + 66)0 = by + 500" (10.24)

Now, recall that the transformation of 0.X, truncated at first order in dg. At higher
orders, the 0p and dp transformations cancelled out with each other (the details of this
calculation at second order are in appendix E). However, for fermions this will clearly

not be the case, since dpt), = 0. In fact, if we apply 0p again we get

1
5%@% - _idguugypégpowa- (1025)

We can iterate this to obtain the finite transformation. Since we have to work to
arbitrarily high order here, it takes a bit more work compared to the bosonic case,
especially since we cannot use a universality argument. Note that the finite result
is not a simple exponential transformation, since dg acts on all metric and vielbein
factors. For example, in (10.25), 0g would act on ¢”” and ¢?, and overall we would
find that

o, = 3 (00| " (10.26)

where we have used the shorthand

3 14
[(59g1) } = 09,p9" 09579709909, (10.27)
7
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and similarly for (6gg~')". Recalling that the operator §p acts via an exponential

operator, we have

(1 +0p + 21,5?9 + 31,5;’1> Yy = <5uy + ; {(599—1”“1’ B ; {(5991)2} V * 116 Kdggl)g} :) b
(10.28)

expansion (to third order). In fact, we can

I

which we notice looks like a (1 + §gg—')/?

prove inductively that this is the case. Taking as our hypothesis that

1-3-...-(2n—3)
nl2n

;555% = = (997)"] ¢ (10.29)

it is straightforward to apply dg to this and prove the hypothesis for all n. Thus, the

finite transformation is

ule) = (14 6 = 90)"] “wuta) (10.30)
where
{(1 + (g/ . g)g_l)l/Q} MV _ ng:o 1-3- n'Q(HZTL — 3) [_ (<g, B g)g_l)n}#u . (10.31)

Note that 1;# will have the obvious analogous transformation. We can verify that this

transformation is correct by looking at the OPEs

’ [(1 +(d' - 9)91)1/1 : Up(9)(2) o (g) (w)

’ [(1 +(g' - 9)9‘1)1/2} Gpor

) (10.32)

Ul )w) = (1o~ 0)g™) "]

~ _1 " [(1 + (g - 9)9‘1)1/2]

m

and using the expansion (10.31) it can be shown that

[(1 + (¢ - 9)91)1/2}

g

’ [(1 + (9" — g)gl)m} 9po = (9+(9' = 9)) v = G, (10.33)

m v

and so we recover the correct OPEs, as required. Note the finite transformation can

also be written in the simpler form,

bulg) = (d97) " ulo). (10.34)
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Superconformal symmetry

Now, how does the above square with the superconformal symmetry? The supercon-

formal transformations are

V2AXH = eph + e, (10.35)
1

— APt = —cOX* 10.36

\/5 P € , ( )

iAz/Zﬂ = —E0X", (10.37)

V2

where ¢,& are anticommuting parameters, and the currents which generate these

transformations are

jF=¢eTp,  j°=ETw, (10.38)

where T is the antiholomorphic supercurrent. It is possible to use the above results to
relate SUSY transformations at different backgrounds. Before we do so, it will be useful

to distinguish the point of enhanced symmetry as we did for the boson. Therefore, we
define!

n' = yYH(G), (10.39)

similarly to how we defined ¢* = X*(G) for bosons.
As an example, let us look at the circle, since this is easy to do to all orders. Let
us suppose we start from the self-dual radius and we deform to a radius R =1+ §R,

where 6 R may not be small. In this case, we have, for example,?
AFY(R) = —V2er0X(R). (10.40)
Then, using (4.30), we can write this as

ASHp(R) = — V2ep (&;s + <5R + ;5}%2) (8 — 8¢>))

ER 1 ( 1 2) Afn  Afp
— “AT+ (6R+ SoR?) (= -
1+ 0R+ LoR? (a TR e ¢

_ej € _(1+5R)2_1€£ =
e T WyeRrzt1e T

(10.41)

!Note that, since v is not universal, there is no ambiguity or confusion in defining 1 directly instead
of indirectly through something like 0.

2 As usual, when we write 0X in the d = 1 case we mean 90X s i.e. indices lowered. When we write
1, we mean ¥*, i.e. indices raised.
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where we have used an arbitrary SUSY transformation at the self-dual radius . If we

choose e = ¢, we get

R?*—1¢
AT = A°n — —A®p. 10.42
7Y N 1A (10.42)
Similarly, we have
AS(R) = A — BE-1e (10.43)
RO =20 o= '

We can do the same for the SUSY transformation of X, which gives

AL X(R) = ;A%. (10.44)

10.2 (General toroidal backgrounds

In the case when we have a non-zero B-field, there are further complications. Note
that we are still dealing with the constant background case (i.e. still in the realm of

CFTs) and we will come to the non-CFT case later. Firstly, the action is simply

1 , )
S = ZS/d 2E,,(X)DX"(2) DX" (), (10.45)

which in this case can be written as

§= [@eBL0XM 20X () + 5 [ Pegu(hB () + 0400 (2),  (1046)
>

b

i.e. there is still no mixing between the fermionic and bosonic parts (we will see that
this is not the case when E has non-trivial coordinate dependence). Thus, the O
deformation is as before for v, i.e. dp1p, = 0.

For g, recall that, in the bosonic case, we used the doubled geometry to derive
the transformation in the case when B # 0. In [77], a similar construction was
demonstrated for fermions. We will not go into the details here, but essentially it was
done using a superspace approach. Using this formulation, a sigma model like (3.52)
could be constructed for the doubled superfield and the form was largely the same
as the bosonic case, but with superderivatives instead. Thus, the dz transformation

follows in the same way as it did for the bosonic case and we have

1
0p¥u = 0B V", (10.47)
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and this can be iterated to obtain the transformation to any order desired. For example,

at second order we have

1 1
Oitn = 50EwOp (") = =10 Bug" 6 Eypt)”. (10.48)

Following the same method as for the B = 0 case above, we find that the finite

transformation is given by

v

VY (E') = [(1 + (B — E)g_l)l/QL V,(E). (10.49)

In what follows, we will only be interested in the first order transformation. A question
one could ask is whether we can successfully recover the Buscher rules using the stress
tensor or the supercurrent Tr. As we have seen in chapter 9, we can use the stress
tensor to derive T-dual backgrounds, and this is equivalent to using the Buscher rules
for a flat background. Deriving this in the supersymmetric case can also be viewed as
a consistency check for the fermion deformations. We will look at the supercurrent Tx
and recover the Buscher rules to first order. Recall that T = i\/ﬁb“@X . and consider
the background

E=1+0F, (10.50)

and the T-dual background
E=1+0E. (10.51)

We will show that the T-dual of Tr(FE) is indeed Tr(E). Firstly, using (2.47) and
expanding the metric and B-field to first order, we obtain the first order Buscher rules

as

6§xx = _591313’ 5§xz = _5Bma 6@13 = 597;]'7

where we have spacetime coordinates z# = (z, ') and we are taking the T-dual in the
a-direction. Then, using (4.30),(10.47) and (10.52), we can write 1, (E),0X,(E) in

terms of objects at the self-dual point as

wB) = (2] = (e 20T = 05 (10.53)
Vi(E) ni + 30Eim; + 0B, 0,



174 Fermion Deformations

Now, Tr(FE) is given by

1 = 1
Tr(E) = 0""n,0¢, + §5Em,n“(8¢” —0¢") + §5EW8¢“77” — 09,,00". (10.55)
Using this general form, we substitute (10.53), (10.54) into Tr(E) and apply the
T-duality transformation (n,,0¢,) — — (1., 0¢.) to get

~ 1 = 1 = 1 _
1 = 1 - 1 _
- §5Bixni(a¢x + 0¢,) — §5gm77¢(3¢x + 0¢,) + §5Eij77¢(a¢j — 0¢;)
1 1 1 1 1

1

Collecting the terms together, this can be shown to equal (10.55), so we recover the
correct T-duality transformation to first order.

Before moving onto non-CFT cases, let us briefly explore the possibility of a
universal coordinate construction like that utilised for the boson on a flat torus. In

particular, let us see why a similar construction does not seem possible for fermions.

10.3 Universal coordinates for fermions

Recall that the basis for a universal coordinate construction for bosons was the
background-independent canonical commutation relations. For fermions, we have

canonical anticommutation relations given by

{v#(0), v¥(0)} = 2mg""6(0 — o), (10.57)

and similarly for 1. Note that we have explicit dependence on the metric here, and
so it does not seem that we can immediately generalise the bosonic case. However,
we might still hope that we can use the superspace formalism to construct universal
objects. To do this, we need to find a ‘conjugate supermomentum’ IT,,. We could try

to find such an object the canonical way using the action, but it is easier to use our
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knowledge of the bosonic case. Recall that we have

XMz, 2) = —igh” (z@Xl,(z) — ZéXZ,(E)) :
,(2,2) = izE,,0X"(2) + i2E,,0X"(2). (10.58)

We can construct analogues for X/, II by replacing 0,0 with D, D, i.e.

X"(2,7) = —ig" (2DX,(z) — 2DX,(2)) ,
I1,(z,2) = izE},DX"(z) + izE,, DX" (). (10.59)

In terms of modes, these can be written as

X(2,2) = Y (V1) — Ok) 27 =3 (Gh,, ), — Oak) 27,

n

= T v v - N~V v >—

I,(2,2) = E, > (00} = iy100) 2"+ B > (06 — Gl ) 27 (10.60)
n n

Note that, whilst X is bosonic, these objects are fermionic. Let us look at the

commutation/anticommutation relations of these objects to see if we can consistently

identify any of them as universal. Note that we will switch to real coordinates (o, 7)

(in Euclidean signature) here. Firstly, after some short algebra, we find that?
M(0), X" (0")] = (0(0,” = Buog™) + 0 (8, + Bupg™)) 2mid(0 — o), (10.62)

where we have suppressed the 7,6, dependence for clarity. What we notice here is
that the 0,0 dependence prevents the background-dependent terms from cancelling.
Thus, from this commutator it seems as though we cannot identify X, IT as universal.

Even if we look at the anticommutator between X’ and II, we find that
(,(0), X(0)} = (= (3, = Bupg?™) e 4 (3,7 + Byypg™) ), (1063)

where the exponential factors come from {¢} /2 vy /2} = g"0ptm+1,0. Thus, once
again we see that we do not get a background independent result.
The above is not to say that a universality argument is impossible for fermions, but

that it is at least not as straightforward as the bosonic case. In any case, the fermion

3Where we have used _ ,
Z ™= = 976(0 — o) (10.61)

n
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transformation is simple enough that we did not need such an argument to compute
its deformation to arbitrary order.
Let us now move away from CFTs and turn to the case where there is coordinate

dependence in the background deformation.

10.4 General NLSMs

We now come to the case of general metric and B-field, so there can be some coordinate
dependence in the background. It will be easiest to integrate out the fermions in the

action (10.45) before we compute the deformation.
We expand the background E(X) as

E.(X)=E,(X)+ ! (109" + i09")0, B, (X) — ;eewwapagEW. (10.64)

V2

Substituting this in, we obtain the action

S = / {EW(X)éX“E?X” + ; Gun(X) (V' Dy¥ + DY) + ;RWU(X wwww“},
b

(10.65)

where
Dy¥ = 9" + (1%, (X) + ¢ (X)0: B, (X)) OX 707, (10.66)
Dy¥ = 09" + (1%, (X) = g""(X)0: B (X)) OX P47 (10.67)

What we see now is that there are terms which mix fermions and bosons. Thus, we
expect the deformations of the fields to be significantly different to the CFT case.
In particular, the 00X transformation will now differ from the purely bosonic case
and will contain fermionic corrections. Let us look at how 0X and ¢ now transform.
Note that, when we look at the general case below, we will not explicitly compute the
contributions from the X-dependence in the metric and B-field, since the precise effect
these have on the deformations must be computed on a case-by-case basis. When we
come to the H-flux/nilfold example, we will compute the full deformation, with all

X-dependence taken into account explicitly.
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10.4.1 90X, deformation

We will focus on the new terms arising due to the covariant derivatives D, D. For 90X 1
the term with D1 will be the one of relevance. We compute the OPE

; / @229 (X (2,2))0"(2) (T%,,(X (2,2)) — 9”(X (2,2))05 Bor (X (2, 2))) OX° (2)07 (2)0X,.(w)

~1 @Cfimw(X(z, )0 (2) (17,0 (X (2,2) = 77 (X (2,2)0: By (X (2,2))) 67 (2) + .

X (T (X022 2) — (X D)0 B (X2, 2) 573 o
!/

(10.68)

where the ... denotes terms that would arise due to the X-dependence in the background
objects. Note that there may also be some extra terms from the curvature term in the
action, though for the nilfold the curvature vanishes at first order in m. Thus, the

deformation of 90X, can be summarised as
00X, = 050X, + 0p0X,, (10.69)

where the bosonic deformation dz0X, is as usual, and

5p0X, = —igy,,(xwv (10 (X) = g7 (X)0: Buo (X)) 47 + ..., (10.70)

where the ..., in addition to the terms discussed above, also includes the terms from
the potential X-dependence in the Riemann tensor. A similar results holds for 9X -

Let us now look at the fermion deformation.

10.4.2 1), deformation

In the constant case, we saw that there was no O contribution to the fermion defor-
mation, and this could be seen in a number of ways, one of which was through the
superspace construction that we employed. Another way we can see this is that, in the

constant case, once we take the OPE, we schematically get

/5¢, (10.71)
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and since the flat equation of motion is 9y = 0, this vanishes. What we will now find
is that, due to the X-dependence, this is no longer the case, since the equation of
motion is more complicated. Once again, we will just look at the terms which give

new contributions compared to the constant case. We have

; / @2, (X )0 (2) (T2, (X) + ¢ (X) D9 Bor (X)) DX (2)47 (2)(w)

1 d?z

~5 mgup(X) (FpgT(X) + gpg(X)ﬁgBaT(X)) (¢”(z)5XU(5)5; _ W(z)éXU(E)(SZ)
:; Z(ijzwwy('z)aXp(Z)(augyp(X) _ 8y5gp,u(X> + 28uBup(X))7 (10.72)

where we have used that

1
gyprpgT - 5 (aagu'r + 87'91/0 - 81/907’) ; (1073)
as well as the fact that
e P e L R P (10.74)

Now, since we cannot take out a derivative in (10.72) like we could in the X, case,
we cannot immediately deduce the deformation of 1, as a whole, but we can write the

mode deformation as

1 _
S gutiinse) = = [0 (20X () Ou0p(X) = Oubg(X) + 20, (X))
Z/

(10.75)
Thus, we see that, in general, there is also an O contribution to the fermion deformation,
and it involves both the fermionic and bosonic fields. To get a better feel for this, let
us look at the specific cases of the H-flux and nilfold. In particular, we will use these

deformations to demonstrate that the T-duality holds as expected.

10.5 Example: The nilfold & 77 with H-flux

We will first derive the deformations of the fields using the results derived above. We
will then look at the stress tensor as well as the fermionic supercurrents, and we will
show that these objects transform as expected under T-duality. Note that we will only

work to first order in the parameter m throughout. This will make the calculations
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particularly simple since, to first order, there are no extra terms resulting from the
X-dependence (i.e. the ‘.. terms above are zero here to first order), so we can directly

use the results above.

10.5.1 Nilfold

Using the nilfold background (8.36), we can compute the first order Christoffel symbols
as

I‘\Zl‘yz — §m’ Fy = ——m, Fz = ——m, (1076)

with all else zero up to symmetry. Also, as mentioned above, to first order, the Riemann
tensor R vanishes.
Now, note that, although the metric does indeed have X-dependence, the term in

the action

; [ 9ul(X) (D + 9D (10.77)
P

in fact does not have any explicit X-dependence to first order in m. This is because
the Christoffel symbols are at least order m, and their O(m) parts are constant, so
the O(m) part of (10.77) is given by the product of the O(m) part of the Christoffel
symbols and the O(1) part of the metric, both of which are constant. Thus, we can

simply use the results derived above, and we find that the full transformations to order
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506, (w) = —5m [ Zdjzw (06,(2)06.(2) — 96:(2)06,(2)) . (10.78)
300,w) = 2m [ L2 (96,(:)06.(2) - 06.(:)90,(: j (5202 2)
- imﬁx(w)ﬁz(w), (10.79)
00¢-(w) = ;m / d_zz (062 (2)Dy(2) — 0, ()0 (%)) + 1 19¢%(z2 dgzi/(z 2)
- imm(wwy(@, (10.80)
o) = —5m ZfZGM@wwa+m<W¢@», (10.81)

2 Z—w
1 _ d*z =
5mwo=—2m(wwum%wo—/z_wmQW%@ﬁ. (10.83)

It is interesting to note that, even here, the holomorphic and antiholomorphic fermion
fields do not interact in any way. This could also have been anticipated from the
action, since the only term mixing them was the curvature term, which vanishes in
the examples considered here. The holomorphic bosonic fields, on the other hand, do

interact with the antiholomorphic fermion fields.

10.5.2 73 with H-flux

For the H-flux, notice that, in the new contributions that arose in section 10.4, the

B-field only came in through 0B terms, which, for the H-flux, is always constant.

4Note that we once again use 71 to refer to the point where E = G, though, as in the bosonic case,
we are going to the covering space where the x-direction is decompactified, so the starting point is not
a T3 strictly speaking.
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Thus, as with the nilfold, we can directly take the results of section 10.4. We get

d2

506.(w) = gm [ T2 (06,(2)00-(2) — 06.(2)06,()) (10.84)
306,() = —m [ 2 (06.(00.(2)  06.()00.(: ;W %20 7)
+1mm( () (10.85)
590.(0) = g | 5 (06:(106,(3) = 06,1002 + g 0
—Zmnm< a)i,(@). (10:50)
Ona(w (2)06:(2) — 1:(2)06,(2)) (10.87)
Sy ) = 5 (qﬁx(w,w)nz(w)— [ L )5@(2)), (10.88)
n.w) = —5m (W wny(w) - [ ZCl_anm%y(z))- (10.89)

Let us now look at how the T-duality can be recovered. This will essentially be an

extension of what we did in chapter 9.

10.5.3 T-duality

In the bosonic case, we were only interested in the stress tensor as far as the T-duality
was concerned. Here, we shall additionally be interested in the fermionic supercurrent,

i.e. we will look at the objects
1
Ty = —g"0X,0X, = 5¢" 000y, Tr = iv2g"1,0X,, (10.90)

and the corresponding antiholomorphic objects. We will look at T-duality in the

y-direction, which, in terms of the objects at the self-dual point, is given by

(0dy,my) — —(Ody, my). (10.91)
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Substituting all of the above results in, we have

d*z

Z—Ww

d2

zZ— W

TH (w) = Ta(w) + mds,(w) [

El

- m8¢z(w)/ e way(z 2) — mdp,(w j{(bx z,2)d¢.(z, )

zZ — —w
SV

F(2,2) — mdg, (w) / Fo(2,%)

d) (z,2)doy(z,2)

Z—w

= mAg.(w) §—2m (w, )06, (w)96-(w)

o

+ ;m (agby(w)ﬁx(u_})ﬁz(u_}) + 8¢z(w)ﬁx<w)ﬁy(a’)>

. (m(w) [~ 0,2)06.(9) + n.()06,(9)

— md6.(w) [ Zcf Fo(2,7) + mdg, (w f e Z>d(ij<z %)
g (w) f T2 1m(a¢y<w>m<w> () — 9. () ()7, ()
%
1 d*z 5 5
= elw) / = W(2)06:2) —1:(2)90,(2)
~0nw) [ (2)06.(9) ~ 1.(2)00,(2)
() [ o (2)00.9) + o) [ o (2)00.(2)
) [ o ()00,(2) = on.(w) | Zd_zwmz)a%(z)) (10.93)
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where

FTN(IU) Z\l/ﬁTG( )+ m¢®(w, w)(ny (w) 0. (w) + 1. (w) O, (w))

f“zz¢@zz—§mwmww)

T (w) (E/ P2x P 7{@ 2,z d% 2, %) ;nx<w)77y<w)>

— 06, (w) (qﬁx(w,w)nz(w)— I~ nx<z>é¢z<z>)

Z—Ww
2/

— nx(z)aqﬁy(Z))] : (10.94)

~00.(w) (sb””(w,@)ny(w) - [ = nx<z>a¢y<z>>] , (10.95)

1
—(1:0ng + 1ny0ny + 1.0n,), (10.96)

= —(06% + 06}, + 067) — 5

1
ng = 1,00, + 1,00, + 1.00.. (10.97)
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Then, using

d*z

Z—w

dz

0" (w, )99, (w) = [

E/

00,(2)06:(2) — § — 072, 2)09,(2), (10.98)

it is not too hard to show that, under the T-duality transformation (10.91),

TY < Tk,

TN < TH. (10.99)

Thus, even with the fermionic contributions, the expected T-duality still holds when

we take the worldsheet interactions into account.

10.6 The deformation operator and picture chang-
ing

The deformation operator we have been using above has been derived from the
worldsheet sigma model. As such, for the case of constant background, we found
that there was no dp contribution to the fermion deformation since the on-shell fermion
deformation operator vanishes. Recall that the Type II graviton vertex operator in the

(0,0) picture takes the form
Viooy (k. €, 2, 2) = €., (k)V(5, (k, 2) Vg (k, 2), (10.100)

where

Vioy (k) = V2 (iaX“(Z) + ;(k : I/J)W(Z)) e XL, (10.101)

As we can see, in the limit £ — 0, this reduces to the usual bosonic graviton operator,
and so the deformation operator would be the standard metric deformation operator
that we have been using throughout. However, a natural question now arises: what
happens when we consider the graviton in other pictures aside from the (0,0) one?
The other common picture is the canonical (—1, —1) picture, where the graviton vertex

operator is given by

Viank€2,2) = qulB)VE L (k, 2)VE 4 (5, 2), (10.102)
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where € is a symmetric polarisation tensor and
VL (k, 2) = e ?Bgpr ()X ), (10.103)
where ¢ is a bosonic ghost field obeying the OPE
o(2)p(w) ~ —log(z — w). (10.104)

If we now construct our deformation operator using this vertex operator instead of the

usual deformation of the action, then we have
O1,1) = g [ P20 ()07 (2), (10.105)
%

where we ignore the ghost fields since we will not focus on them here, and we assume
we are working within the realm of toroidal CFTs, i.e. ¢,d¢g are constant. Then, we

have the contraction

A2z -
O1-1)Pu(w) ~ =g / —"(3), (10.106)
Z/
from which we derive
50(—1,—1)(9#sz+1/2) - _5g,uu/d222n 7Z+1/2' (10107)
Zl

Thus, in the canonical picture, the O deformation of v, is non-zero, whereas we would
have
000X, = 0. (10.108)

The g transformation is presumably independent of picture, since it only depends on
the change in the background.

One could take this further and compute the deformations for a general toroidal
background (i.e. non-zero B-field), and then look at non-constant backgrounds, T-
duality, etc., but we will not do so here. The main point that we want to make here is
that the deformation of an operator in the supersymmetric context is picture-dependent.
Of course, this is fine since, in a correlation function, the operators would be in whatever
pictures are necessary to have the correct overall picture number. To compute the
deformation, we would then insert the deformation operator in the (0,0) picture (to

preserve picture number), and we could switch to deformation operators in different



186 Fermion Deformations

pictures using the picture changing operator, as long as the overall picture number of

the correlator is correct. Indeed, taking the picture raising operator to be
P (2) = 2Tp(2)e?® + ., (10.109)
where the +... represents ghost terms which are unimportant here, we find that

f dzP*(2)Vi_py(w) = 2V (w). (10.110)

Thus, we can use the appropriate picture changing operators to switch between different
deformation operators, since they are constructed from the graviton vertex operators.
If the goal is to compute the deformation of a correlator, then which picture one uses
to compute the deformations should not make any difference to the final result.
What is interesting to note is that the deformation (10.107) can be obtained from
(10.21) by simply setting § = = 0 instead of integrating out 6. Looking at (10.16), we
see that this will leave only the fermion fields and comparing coefficients with (10.21) as
we would normally do will reproduce (10.107). This is reminiscent of arguments made
in the literature® where it was claimed that the canonical picture could be obtained by
taking a section of the super Riemann surface where § = 6 = 0. In general, it seems
that the best way to think of the deformation operator is as follows. We start with the

integration over the Riemann surface with coordinates z, z only, i.e.

0= ;5%” / d?2DX"(z) DX" (z). (10.111)
b

Then, the way we deal with the  dependence will determine the picture. If we integrate
out 6 then we obtain the 0 picture, which is what we have used in most of the above
calculations. If we set # = 0 then we are in the —1, or canonical, picture.

Thus, we see that, in the supersymmetric setting, deformations of individual
operators are much subtler. Also, it is harder to isolate the deformations from the
correlation function under consideration. Given that we usually need to preserve
picture number, if we assume that we always insert the picture zero operator then we
can always choose to work with this operator only, but we must bear in mind that
what we mean by an operator deformation is picture-dependent.

Clearly, there are many subtle details regarding this picture changing story, and
it would be interesting to study this in more detail, and indeed the SUSY operator

®See [78, 79] for example.
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deformation story more generally. For example, we have not studied the ghost fields at
all, and it may be that the way they behave is significant. We will not go any further
in this thesis, but, hopefully, what we have presented here will inspire future research
in this direction. Evidently, our understanding of operator deformations is far from

complete, and there are many avenues yet to be explored.






Chapter 11
Conclusion

The goal of this thesis has been to shed light on the subject of operator deformations
in string theory, and to gain a new perspective on T-duality. To some extent, we have
succeeded in making both subjects better understood and opened up new avenues
for exploration. We started by considering the idea of using universal coordinates
to deduce operator deformations and to compute T-duality using the stress tensor
[15]. Such ideas had gone largely unnoticed in the literature, and we brought them
into a modern context. We also developed these ideas further by applying them to
torus bundle target spaces and framing universal coordinates in the context of the
[’ connection on the space of toroidal CFTs. More generally, our motivation was to
reframe and place in a contemporary setting the operator algebra arguments around
stringy symmetries which appeared in the older literature [18, 15].

Another of our aims was to provide a framework in which to discuss T-duality in a
wide range of cases that did not rely solely on questions of the existence of isometries
of the target space theory. One motivation for a different approach is the desire to
better understand under what conditions a T-dual description of a background exists,
given that there are cases where global isometries are not a feature of the background
yet something akin to T-duality appears possible. That the operator algebra approach
provides a language to discuss T-duality that is not reliant on target space concepts is
particularly appealing. To this end, we clarified some of the issues surrounding the
operator approach to T-duality that were not, to our knowledge, addressed in the
older literature. In particular, the non-uniqueness of the T-duality charge and the
role isometries played in simplifying the discussion were clarified. Though the duality
calculations in this thesis may sometimes have seemed more complicated than their

Buscher procedure counterparts, the formalism discussed here is expected to apply
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to a more general class of backgrounds and seems to be a more fundamental way of
understanding T-duality.

We sketched out a general framework in which issues of T-duality rest on the
construction of a connection and a path v in moduli space between a background of
enhanced symmetry, in which the duality is manifest, and the background in question.
This combines the ideas of [27, 15] with the studies of connections on the space of
string backgrounds given in [20, 43, 22|. For on-shell considerations, the connection is
on the state space of CFTs, but this can be generalised to more general sigma models,
as we discussed in chapter 5. From a string field theory perspective, this provides a
way of discussing off-shell physics. This provides a different starting point for T-duality
than the traditional Buscher construction and one that may admit concrete discussions
of non-isometric generalisation from the perspective of the full worldsheet quantum
theory. We briefly discussed non-isometric T-duality and in particular we turned to an
idea in [15] where coordinate dependence in the background was reframed in terms of
Fourier expansions. We developed this idea slightly and described some of the issues
with it, such as the non-commutativity of taking the Fourier expansion of a function
of the target space coordinates and pulling objects back to the worldsheet. Though
lacking somewhat as a valid approach to non-isometric T-duality, there is perhaps
some potential in the idea and it may be that the issues discussed can be ironed out.
We also looked at the possibility of directly using the T-duality charge to compute the
T-duality of ¢”(c). We found that the simple ¢*(0) — ¢*(0) transformation may not
be too naive, though again there are complications here. It would be good to study
this issue in the context of an exact solution (or to leading order in o), as is discussed
in [54-56] or more recently the class of backgrounds found in [52, 80]. As a simpler and
more tractable case, it would be interesting to study the duality on orbifolds where
some part of the enhanced gauge symmetry is broken by the orbifold action. This might
give more perspective on mirror symmetry in K3 and Calabi-Yau manifolds via their
orbifold limits. For similar reasons, it would be interesting to see to what extent the
construction considered here could be generalised to torus bundles with degenerating
fibres. A good example to study in more detail might be the SU(2) example mentioned
briefly in section 6.3, though this may present a significant computational challenge.

Somewhat surprisingly, the doubled algebra was shown to arise from the zero
modes of the commutation relations of the torus bundle directly, where the central
extensions played an important role. The doubled geometry arose in this context as
an effective classical description of the quantum theory. The distinction between the

doubled geometry of [12] and the centrally extended algebras that appeared here is
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subtle and deserves further investigation. Similarly, it would be interesting to know
what significance the more general algebras discussed in section 6.11 have. They are
clearly related to the parallelizable flux compactifications [62, 32], but may have wider
applicability. In the same way that the contraction of the doubled algebra generated
by the vector fields (3.12) arose from the zero modes of the operator algebra (6.87),
it would be interesting to see if there are non-parallelisable cases where the operator
algebra of section 6.11.2 can be used to find a concrete proposal for the corresponding
doubled geometry.

We also considered a general formalism for constructing the deformations of op-
erators. As mentioned, a description of how to deform a generic operator at a point
in the space of backgrounds, for both CFTs and more general spaces of QFTs, was
lacking in the literature, since the focus has primarily been on correlation functions and
the stress tensor. In particular, our formalism explicitly takes into account the target
space tensor structure of the operator of interest, and we showed how this affects the
deformation. One of our main goals was to show how our formalism extends to more
general QFTs, and this was demonstrated by looking at the H-flux and nilfold. For
marginal deformations of free CFTs, the deformation preserves the subspace spanned
by 0X and 0X. For the non-CFT cases, we found that the X-dependence made a
significant difference to the deformation of ¢, mixing in terms of the form ¢*0¢, and
#*0¢,, as well as the J¢, terms seen in trivial torus bundles. More general deformation
operators would lead to a more general mixing of the operator basis.

We also described how this method would work at higher orders, and the second order
result for the flat torus deformation of 9.X, is demonstrated explicitly in appendix E.
Our construction should be applicable to a wide variety of contexts, and is a significant
step forward in operator deformations. Of course, there are issues, the main one being
the computational difficulty of some of the calculations. As we saw for the torus
bundle deformations, getting the first order results was already somewhat involved. Of
course, given that we are dealing with interacting worldsheet theories here, we expect
the calculations to be difficult, and it may be more of a problem with the context
rather than the approach. However, a question that would be interesting to consider
is whether or not there is a specific connection that makes these calculations easier.
We saw that the [ connection was the natural choice for CFTs and it usually made
the calculations simpler. If we take the H-flux for example, is there a connection
which makes the deformations particularly simple? The ¢, ¢ connections described
in [22] were natural connections to use in a general context, but it may be that,

practically, using specific connections relevant to one’s needs is a more useful way to
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do these deformation calculations. An idea related to this is that of a general universal
coordinate construction. As we saw, the [' connection was essentially equivalent to the
universal coordinates in the flat torus case, but this did not extend to more general
cases. It would be interesting to see if there is a connection which would allow us to
construct some analogous universal objects for the H-flux case (or nilfold). If such a
connection exists, the objects invariant under deformation wrt this connection would be
considered universal, and ideally we could use these objects to obtain the deformations
to all orders relatively easily.

We also discussed T-duality in the context of these torus bundle backgrounds away
from the adiabatic limit, and we recovered the expected duality. This was a direct
generalisation of the ideas employed in [15] and has the potential to be applicable
to a much wider class of backgrounds. Computationally, using this approach for a
completely general background seems like a difficult task beyond first order, though in
principle it at least extends the applicability of T-duality beyond the context of the
Buscher rules and leads to a different perspective on the duality and its relationship
with symmetry enhancement.

One of the benefits of the approach explored here is that it should be applicable
to a very large class of sigma models. Of particular interest would be to explore
whether these techniques can be applied to effective worldsheet theories, where specific
quantum effects (such as worldsheet instantons) have been incorporated. A specific
example is the KK-monopole/NS5-brane duality. Here, worldsheet instantons localise
the solutions, breaking the global worldsheet symmetry associated with a target space

isometry [53, 54]. Following the notation of [52], the NS5-brane background is given by
dsiy = V(2")ds*(R*) + ds*(R™), (11.1)

where the z° are coordinates on the transverse space R*, ds?(R?*) and ds?(R'®) are
the standard flat metrics, the function V(z*) is a harmonic function and the H-flux is
given by H;j, = —eijkl(slmamv.

In the case where V = V(r)!, where r = |(2', 2%, 23)|, V is given by

V(r) = 7t (11.2)

n [52], they are mainly interested in the case where V = V(7), i.e. V only depends on a single
coordinate 7. This is because this case can be interpreted as a T3 with H-flux fibred over a line,
which is relevant in constructing certain types of hyperkahler manifolds. For this case, the T-duality is
relatively easy to study since it reduces to the T-duality chain of the H-flux, which is well-known [12].
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As explained in [54], this smeared NS5-brane is localised in the 6 direction when

worldsheet instantons are taken into account. This results in the replacement V (r) —

V(r,0), where
1 1 —kr+iko
V(T,Q):gQ+2T(1+§ Y e . (11.3)

E>1 +

Recall that we found that the T-duality automorphism did not have a well-defined
action on the worldsheet coordinate X, but that it did have a well-defined action on
exponentials of the form e”Xr for integers n. Therefore, it may be that the T-dual
of the localised NS5-brane can be computed explicitly using the T-duality methods
discussed in this thesis?.

Specifically, one could start with an effective action, based on the instanton-corrected
potential (11.3), imagine tuning 6 to be at the self-dual radius® and then perform a
T-duality automorphism on this effective sigma model to recover the KK-monopole

background. The analysis of [54] predicts

V(r,0) = 912 + 21T (1 +y erz(k)e’“"ﬂ’“") : (11.6)

k>1 +

where the m(k) are unknown constants. In principle, the results of [1] predict a
relationship between the m(k) and their counterparts m(k) in the KK-monopole
solution.

It would be interesting to apply the construction developed in this thesis to these
localised backgrounds. Usually, one performs the duality with the smeared backgrounds
and then localises by incorporating the instanton corrections, but is it possible to

incorporate the instanton effects directly? The idea would be to apply the construction

2We note that the localising instantons are not arising from non-perturbative effects in A. Rein-
serting the o/ dependence [55]: g = R/V/, 7 = Rr'/a’, = RO’ and ds®> = —ds'?/d/, giving

o R
V= A (1—1—27‘/) . (11.4)
To view the NS5-brane as a deformation of the flat background, we introduce a parameter A and so
rescale R — AR, which gives
V- o 1+ AR (11.5)
(AR)? 2r' ) '

In these coordinates, the instanton corrections become e e and we see that, with A included, the

instanton corrections go like e_krc,xifﬂ, i.e. they are analytic in \.

3There is a tension here. The effective action describes the large volume supergravity limit. At
the self-dual radius, we would need to include other o corrections to the supergravity. As such, this
discussion is only illustrative.
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above to the quantum effective worldsheet action in which these instanton effects have
already been incorporated.

Recall that we made a brief note about topology change in these off-shell defor-
mations. Essentially, we ignored this by always going to a convenient covering space
where such issues were not present. It would be good to look at topological issues in
these deformations more closely.

In the last chapter, we extended our formalism for operator deformations to the
supersymmetric case, where we looked at N = 1 supersymmetry in the NS-NS sector.
We discussed the possibility of constructing universal coordinates for fermions as we
did for bosons in the flat torus case, and we saw that such a construction did not
seem possible. Our investigation was not conclusive however, so it would be interesting
to see if this really is the case or if there is a universal coordinate construction for
fermions. If such a construction exists, it is most likely much more complicated to
describe compared to the bosonic case. Even without such a construction, we were able
to derive deformations of fermions for flat toroidal target spaces, as well as the H-flux
and nilfold. In these latter cases, we found that d¢, also received extra contributions
in its deformation from fermions. We once again showed that the T-duality between
these backgrounds holds as expected.

It would be interesting to see if this supersymmetric case could be pushed further
to include more complicated cases such as Ramond flux. Since there is no sigma model
construction for turning on Ramond flux, we would have to rely directly on the vertex
operators corresponding to Ramond flux instead of the action. Throughout this thesis,
we have used the action to construct the deformation operator, but in section 10.6,
we briefly described how we could construct deformation operators starting from the
vertex operators. Thus, it may be possible to extend the ideas presented there to
Ramond vertex operators. In fact, this vertex operator approach potentially opens
up a much more general construction of this deformation formalism where we do not
need to know the action of the theory. Indeed, we do not even need the theory to
have a sigma model formulation. This would also potentially allow deformations much
more general than metric deformations. This would place the formalism in a more
contemporary setting where we are relying solely on the operators of the theory as
opposed to always having to start with a worldsheet sigma model.

Another interesting direction is further investigation of non-abelian T-duality
[81, 82]. It would be interesting to see whether, using the formalism in this thesis, the
status of non-abelian T-duality could be further clarified. The perspective that the

enhanced symmetry group should have some off-shell significance and is broken by a
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choice of vacuum may be useful here. In the cases we have considered, torus bundles -
for which the action of the unbroken Z, symmetry is clear - play a central role. To
make progress on the general question of non-abelian duality from the perspective
advocated here, one would need a better understanding of the relationship, if any,
between the enhanced symmetry group and the non-abelian isometries of the target
space.

Finally, we note that there is also a close connection with the constructions discussed
here and the linear sigma model approach used to prove mirror symmetry [3, 4]. There,
the starting point is an ‘off-shell’ model, in that it does not describe a genuine string
background. The model then flows to a string background under renormalization,
constrained by the superpotential. It would be interesting to explore this connection
further.

The predominant theme of this thesis has largely been one of a unification of
ideas. Ideas and formalisms such as universal coordinates, parallel transport, CFT
algebras and doubled geometry have been brought together in an attempt to further
our understanding of worldsheet sigma models. Though the reader may perhaps be
familiar with some of the concepts described here, it is unlikely that they are familiar
with all of them, and we hope that by collating them in the novel manner in which we
have done in this thesis, we have furthered our understanding of operator deformations

and T-duality in string theory.
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Appendix A

Vertex Operators and WZW

This appendix contain some comments and observations that may be known but, to

our knowledge, have not appeared in the literature.

A.1 More general operators

In this appendix we extend the results of chapter 6 to more general operators, with a
particular focus on those operators which may be thought of as the building blocks of
vertex operators. Of particular interest are the vertex operators, for which we shall
need a better understanding of how operators e®#%% and §"¢* transform under the
particular automorphism in question for general k, and n. In general, the action
of an SU(2) automorphism will transform an operator of conformal weight h into a
linear combination of other operators of the same weight. In particular, though the
transformation of ¢, (z) is straightforward, the transformation of ¢/ () is anything but
(see section 6.9), and so the transformation of operators of the form e”?z(*) needs careful
consideration. We will use OPEs instead of commutation relations here, as opposed to
most of our calculations in chapter 6, as they are easier to work with for exponential
calculations. Therefore, we will need to use Euclidean signature. Additionally, we will
work in d = 1 to keep things simple.

The transformation of 0"¢ was given in (4.47) and was straightforward to deduce.
As mentioned earlier, [15] compute the transformation of exponentials using a point-
splitting argument, but we will take an inductive approach.

The transformation of e??2(*) under the T-duality automorphism was considered

in section 4.3. In order to better understand the transformation of e™¢:(3) for n € 7,
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let us next look at the transformation of ¢+(*). Using the OPE (4.45), we have

[Q, e¢r()] = L e-isr(w)

2
S0 QP ] = T, (A1)

where the notation for nested commutators is given in (6.69). There is a clear repeating
pattern, oscillating between e**r and e~**L, and it is not hard to guess the general

term. Thus, we obtain the result

e'Qpi?L(2) o —iQ _ ;o —ir(2) (A.2)

This transformation seems at odds with the general expectation ¢y (z) — —¢(z) that
we have seen in the massless vertex operators, suggesting instead ¢ (z) — —¢r(z)+m/2

(though this is not true either). In fact, as we will now show, we have

e~ moL(x) n odd

e~ noL(z) n even.

einér(a) { (A.3)

We see that, in the n odd case, there is an extra factor of ¢ compared to expectations.
It is in fact not the case that we can simply look at transformations such as (A.3) and
deduce a transformation of ¢;. We can prove (A.3) via an inductive argument, which

goes as follows. Define composite operators AX by
% z ) w — 1
e 200 (2) = oEi201(w) Zo EA,%(UJ) (A.4)

Then, the first step is to show that
Ar=FE, +0,, (A.5)

where FE,, is even under T-duality and O,, is odd. We can prove this via induction. We

have:

AF =2i09AF | + 0AT
=2i0¢(Ey—1 + Op-1) + 0E, 1 + 00,4
=:E,+0,, (A.6)
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where

E, = 2i0¢0,_1 + 0E,_, (A7)

Doing the same for A, we find that
A, =E,—O,, (A.9)

as required. Finally, we note that the result is clearly true for n = 1, and hence we
have proven (A.5).

The next step is to consider the following commutator:

1 , , ) ,
[Q, cos(ney)] :§ f dz(ez2¢>L(Z) + 6712%(2))(61”%(10) + efmdm(w))

T — ) [einm2enw 5 L gt (n-2)orw) 5~ 1 4-
1 %dz(z w) (e ; m!Am(w) +e ; m!Am(w)
_T (it L gt in-2gw)__ Lo
4 (6 (n . 1)|An—1(w) te (n . 1)|An—1(w)
1 . .
=) (En(w) cos((n = 2)¢r(w)) — iOn(w) sin((n — 2)¢r(w)))
(A.10)
Now, what we are leading up to is the result
cos(nor) — icos(nr), n odd (A.11)
cos(nor), n even,
sin(ngy) — 4 sm(nen), - modd (A.12)
—sin(ne¢yr), n even,

which is equivalent to (A.3). Once again, we will use induction, this time via (A.10).
First, note that
(@, e9Pe9) = ¢R[Q, Ple, (A.13)

where P is any operator. Using this in (A.10) with the known transformations of
E.,, O,, and the induction hypothesis on cos((n —2)¢L),sin((n —2)¢.) (i.e. the RHS of
(A.10)), we deduce that (A.11) is indeed true (we have already shown that it is true
for n = 1,2). The same process leads to the proof of (A.12), and hence we have shown
that (A.3) is true, as required.
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Note that we could also do exactly the same with the sine charge and it would just

give different phases for the exponential transformations. We will just state the results:

os [ (=1 emien dd
emw_>{< )T, nodd, (A14)

This leads to

0 (—1)7L§1isin(n(/bL), n odd,
COS(TL¢L) — { <_1>% COS(H¢L), n even, (A15)
' 0 (—1)"T+1icos(n¢L), n odd,
sin(ngr) — {(_1)'5+1 sin(ney), n even. (A.16)

We can see that, as opposed to the cosine charge, we have sines and cosines transforming
into each other. However, as we saw in 4.3.5, it does not matter which charge we use

since they are equivalent up to U(1) gauge transformations.

A.2 The WZW formulation

To better understand what is going on, we turn to the WZW formulation of the model
at the self-dual radius.

We can formulate the T-duality of circle compactifications at the SDR using the
SU(2) WZW model. The massless (1,0) currents define a level 1 5@ affine lie algebra.
If we define

J' = cos(2¢y), J? = sin(2¢y), J? =i0¢, (A.17)

then, as with all conformal primaries, we can expand them in modes as

J(z)= > Jz"h (A.18)
These obey the level 1 current algebra
[y, J3] = 2m <Zc$n+m6“’ + z’eij’fﬂ;m) . (A.19)

In this formulation, the (cosine) charge takes the simple form

Q= ;fdz cos(2¢r(2)) = ;J&, (A.20)
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or J§ for the sine charge. It can then be verified that the effect of the charge on the
modes Ji(z) — €9 J¢(2)e 7@ is

Jh— L J2— —J2, I =T (A.21)

This should reproduce all of the T-duality transformation results that we derived earlier.
We will verify this using the states corresponding to the relevant vertex operators. The
states at level 1 can be constructed from the highest weight states with level 1 by
acting on them with the modes J!, n < 0 (note that the level of a weight in the case of
SU(2) is given by the sum of its Dynkin labels). The states that are generated from a
single highest weight state |A) form the irreducible module Ly. In the case of SU(2), it
turns out that there are 2 such modules, L o) and Lo ], where the subscripts are the
Dynkin labels of the corresponding highest weight states (see [83] for a review). We
start with the module Ly o), for which the highest weight state is simply the vacuum.
The generic state is then

XY =J%,...J,.00). (A.22)

For the Ljp ;) module, the highest weight state is [0') := ¢*2(0)]0), and the generic state
is

Ny =T8T ,000). (A.23)

Note that, from the point of view of the WZW model, it is clear to see that each mass
level has either ‘odd’ or ‘even’ exponentials, but not both (i.e. ¢™? where n is odd
or even). The vertex operators with odd and even exponentials belong to different
modules, so they do not mix under the action of SU(2). It is only via the WZW
formulation that this becomes clear. In particular, the action of T-duality on one of

these states is
L L I D VLT L S o L DU (A.24)

where |\) is one of the highest weight states. If we recall also that, under T-duality
with the cosine charge,
'L — jeTiL, (A.25)

we see that the action of T-duality simply amounts to sign changes and the possible

factor of ¢ coming from the transformation of the |0’) state,

e 900"y = 4[0'). (A.26)
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There is no mixing between the two modules®. This can also be seen from the fact that

the states at each grade (i.e. each conformal dimension) form representations of SU(2).

A.3 An example

Let us now look at a specific example to see explicitly the equivalence between these
two formulations of the bosonic string at the SDR. We will look at the case of the

operators
Po(z),  96(2)06(2),  O¢(2)e O, (A.29)

which are used to build massive vertex operators. We can order these by their
eigenvalues of J§ = § J3. The state with the largest eigenvalue is the highest weight
state, and we can obtain all other states by acting with J; = ¢ J~. For example, we

have
[J3, 0 (w)e 91 )] = 9 (w)e?@r ), (A.30)

i.e. the J3 eigenvalue is +1 in this case. Repeating for the other states, we find that the
eigenvalues for 0%2¢, 062, dpe~ 2L are 0,0, —1 respectively. Thus, dpe?®L corresponds
to the highest weight state. Acting with J; , we obtain

[y 00(w)e ] = § dzJ~(2)0(w)e ) = 92(w). (A.31)

Similarly, lowering again gives d¢e~%¢c. Thus, these three states are in a triplet
of SU(2) and 9¢? is in a singlet. We can also determine the action of T-duality

straightforwardly using the state-operator correspondence. The states corresponding

'We can also write ' _ _
e9L10) — ie 9L |0) = iJ; e*x|0), (A.27)

where J* = J' +iJ?, and we can expand J~ to get

2)e'r|0) —zz e 0) =% iJ= e r|0), (A.28)

where 2, = 4(z — &), and we have used the fact that the normal ordering means we do not have to

worry about terms in J~ which do not commute with e*~.
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to the above operators are

O (2)e L@ 3 I3 TE|0) = (2, £1)(2), (A.32)
?¢(2) < J2,|0) = [2,0)2), (A.33)
0¢*(2) & J2,J2,10) = |2, 1)) (A.34)

where the numerical labels are, respectively, the Ly eigenvalue, the J3 eigenvalue and
the SU(2) representation, and normal ordering is implicit. By direct calculation or
by using the action of T-duality on the modes given in (A.21), we see that the states
transform in exactly the same way as the operators would imply, i.e. we recover the

transformation

0*p — =00, dp* — 092, DpeTHOL — _JpeTAL (A.35)






Appendix B

Elliptic Monodromy

We present an example of a simple torus bundle with a geometric twist over the base

circle from the elliptic conjugacy class of SL(2;Z). Specifically, we will look at the

(2 ) = e mE) e

monodromy

and
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The only commutator which is not trivially satisfied is [X¥, Z,] (and those related to
it). This is

[XY(0), Z.(c")] = [cos <7T2X> Y'(0) — sin <X) Z'(0),sin (7T2X> I1,(c") + cos <7TX) Hz(a’)}

2
=218 (0 — o) (cos( > ( ; )_ n<7TX2(0)>COS (WXZ(U’)»

:—27m'5(0—0)7TX2,( ( < 2 )>+sz<”){2(0>>>

—(=27ib(0 — o)) (;TXI(J)> , (B.5)

where in the third line we have ‘integrated by parts’. We write the final line in such a
way as to make explicit the expected algebra of the elliptic monodromy. The other

commutators follow similarly and we thus obtain the full doubled algebra

(2:(0), 2.()] = (~21i8(0 = ) (52,(0)) . [Ba(0). (o)) = (~27ib(0 — &) (-5 2.(0)).
(2.(0), 27(0")] = (~2id(0 o) (~52°(0) ). [2(0). 2°()] = (~2midlo — o)) (52°()).
2%(0). 2.(0")] = ~[X*(0), Z,(0")] = (~2mid(o — o)) (~327()). (5.6)

and the central extension
[Z.(0), X%(0")] = 27i0,°8 (0 — o), (B.7)

agreeing with the doubled geometry [12]. This background is interesting because it
is a genuine string theory background that can be obtained from the supergravity
construction as a minimum of the potential [29]. Normally, such minima only satisfy
the supergravity equations of motion, but in this case the minimum is equivalent to
a toroidal orbifold and is therefore a solution of the full string theory equations of

motion.



Appendix C

Details of commutation relations in

section 6.11

We present here the details of the calculations of the commutation relations of the
doubled algebra and the associators in section 6.11.1. We considered there the most

general geometric flux compactifications.

C.1 Commutation relations

We compute the commutation relations of the generators (6.98). Firstly, for the ‘[Z, Z]’

commutators, we have

12,(0), Z(0")] =[ea" () (ILu(0) — By (0) X" (0)), 6 (0")(I1,(") — Byo(o/) X" (o))
=e,”(0)0,e,'(0)e, (o) Ze(0)2mid (0 — o)
—e,(0)0ue,(0')e, (') Zc(0)2mid (0 — o)
+2mib(0 — 0')e, (006, (@) X" (0" (~ By Bup — 0y Buw — 0 B)
=2e,/"e,/ Oe, ) Zc(0)2mid (0 — o)
—2mid (0 — o) (KapeX(0"))
=— [5,2.(0)2mi6(0 — 0') — KupeX(0")2mid (0 — o), (C.1)

where, for example, we have used [II,(¢0”), e, (0)] = —2mid (o0 — 0')D,e,t (o).

’ Y a
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Next, for the ‘[Z, X]’ commutators, we have

[Za(0), X(")] =[e,"(0) (T(0) = By (0) X" (0)),€",(0") X" ()]
a“(a)auebp( NX'"P(o")2mid(0c — o') + ea”(a)ebu(al)Zm(S'(a — o)
— ¢,"(0)0,€e’ (") X" (0")2mib (0 — o)

+ e, (o) (e (o) + (o) — o), (o) +O((o — J’)2)> 2718 (o — o)
=f2 X¢(0)2mid(o — o) + 622mis (0 — ') + O((0 — ¢')?), (C.2)

CB

o)

Cb

where the higher order terms are proportional to (for n > 2)

&w—owa—ww:&w—avianmeaW(n>

m=0 m

m

(”)(@”“%—mmﬁaww%a—av+nNUWL%aw—dﬂ
=(0 —0)"(c — ')+ n(oc — o) 6(c — ') =0, (C.3)
and so
[Z.(0), X0(0")] = 2. X%(0)2mi6(0 — 0') + 6,28 (0 — o). (C.4)

The final ‘[X, X] = 0’ commutator follows trivially. We thus obtain the algebra (6.100),

as claimed.

C.2 Associativity

Here we verify the nested commutators (6.101) and (6.104) required to compute the

associators. For ‘[Z,[Z, Z]|’, we have

(20(0), [21(0"), Ze(0"))) =[20(0), ~ " 2a(0") = KieaX(0")|27i0(0" — o)
=~ 4n%3(0 = 0")0(0" = ") { fyo fua" Zel0") + Fo Kaae X (0")
— fuo " KeaX?(0") } + 4720 (0 — 0")0 (0" — 0”) Kyeadl
(C.5)

as claimed. Note that, after (6.102), it is claimed that the central extension terms vanish

when we add the cyclic permutations via delta function manipulations. Specifically, we
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use

8 (o —ac")o(o" — ") =0, (6(c —a")o(c" — "))

05 (8(0" — 0)0(0" — 7))
=0"(0c — 0")0(0" — o) + 6(0 — 0")d' (0 — ”). (C.6)

Substituting this into (6.102), we see that the central extension term does indeed vanish.

For the ‘[Z,[Z, X]]” nested commutator, we have

[Z4(0"), [Ze(0"), X(0)]] =[20(0"), [.4 X 0)2mid (0" — o) + 6°2mid (6" — 0)]
= —47°3(0" = 0)3(0” = ) (fua" "X (0))
+ 4728 (0 — 0")d(0" — o) f., " (C.7)

Other calculations required to compute the associators proceed along similar lines.






Appendix D

H-flux Mode Transformation

Given everything that we have done, we should be in a position to compute the
deformation of the H-flux modes, at least to first order. We will go through the

calculation of da¥ in detail. Note that here we use the formalism of chapter 7.

D.1 Jp calculation

Taking the OPE of 0¢,(w) with the deformation operator and integrating by parts

(jﬂ”za@ /d2 96 >a¢>z< >)’ 0.1)

where C" = C{ U C! . Let us deal with the contour integrals first. Expanding in terms

gives

of modes, we have:

k:>0

Z k-1 f dz ¢°(z, 7) 2k 5P, (D.2)
C/
where

¢ (z,2) = — L(ag log z + ag log ) + Z arz "+ arz ™. (D.3)
\/i n;éO

Let us compute the kinds of integrals that appear here. The most involved ones are

those with logs, which generally look like

%dizké_p_l log z, (D.4)
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and if we are on a contour where |z| = r then this simplifies to

— % dz2"" 1 log . (D.5)
C/

Let us first deal with the circle around z = 0. We will take the contour to have radius e
and take the limit € — 0 at the end. There is a branch point at z = 0, but, as discussed
in chapter 8, the choice of branch simply amounts to a choice of gauge. Therefore, we
will still consider a circle around z = 0, bearing in mind that there is a gauge-dependent

piece. Setting z = ee”, the integral becomes

k—p 2T ek Lk 0
B € /d@ez(kﬂ))e(log €+ 20) _ 2mi(k+p)2’ . +p 7é ) (D6)
2r ) —e%k(log € + im), k+p=0.

In the above integral, the terms which come from the 6 part of the integral are the

branch-dependent part, and if we neglect these terms we get
€k—p 2m .
~ 5 / d0e' P (log € + i) = =0 poe* loge + ..., (D.7)
0

where ... represents the branch-dependent contributions. We also need to check whether
there is any contribution from the z = w boundary. There is no branch cut here, so we

can just use a circular contour with radius € — 0, so we have
€ o . € . k € o\ —p—1 .
— / dfewriw =1 <1 + e’9> (1 + _6_10) log(w + ee™), (D.8)
2 J w w

which we can see vanishes in the limit € — 0, so there is no contribution here. Similarly,

y{dizké_p_l log z = — gy po€rloge — ..., (D.9)
C/

where the minus before the ... indicates that the branch-dependent contributions are
minus those of (D.7).

The other type of integral which we are interested in is

j'{ dzzFmz Pt (D.10)
Cl
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This is fairly straightforward and we simply need to compute the contributions from
contours around z = 0,w as usual. We will state the results. From z = 0, we get
—ek_”_pék_nﬂ,,o. From z = w, we once again find that there is no contribution when
we take the radius to zero.

Thus, we now have all of the integrals we need to compute (D.2). Substituting

everything in and neglecting branch-dependent contributions, we have!

Zzw k-1~ zhm ek Psp0 + \/_Z e  Ok—n+p0 + Qr Oktntpo)

k>0 p

(D.11)

A note on evaluating contour integrals

The above calculation is perfectly valid, but it is not the only way of evaluating the
contour integral. To illustrate the idea, we will look at the much simpler case of the
circle CFT of radius R. Here, as we saw earlier, if we wish to deform 0X(R) to the
circle of radius R + 0 R, the dp part of the deformation involves taking the OPE with

the marginal operator, and we end up with an integral proportional to

7{26&6)((5), (D.12)
o 22(w — 2)

as well as an integral around w which is unimportant here. Now, the usual way of
evaluating this would be to expand 0X () and (w — 2)~" in powers of z, using the fact

that |z| = €, and then compute the resulting integrals. Doing this, we get

dz -

—0X(z Z Qe Hmmtl)yy=m—1 (D.13)
076{ 22(w — 2) V2 55 " ’

and, together with the dp transformation, we would compare coefficients to get the

mode transformations for a,,, n > 0, and then argue that this must extend to all n to

preserve commutation relations. However, alternatively, we could treat the contour

as a contour around the singularity at infinity. This then changes the expansion of

(w— 2)71, since

=Y w ™, |z| < |wl, (D.14)

m>0

k—n—p

'Where the n = 0 case is understood as the limit lim,,_,o < — = —eFPloge.
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1

== w |z| > |w]|. (D.15)
w—2z m<0
Thus, if we set y = 1/z and use
d d
SO (D.16)

we instead find that

dz = i
——0X(2) = ———& A€ 2D gy ]{ dyy "+t (D.17)
Z{ 22(w — 2) V2 m;ﬂ J
6 lyl=1/e
which, after evaluating and relabelling, gives
! Qe 2 gy mm =L (D.18)

i.e. the same as (D.13), but with m < 0. We can now compare coeflicients as we would
normally do and obtain the mode transformation for «,,, n < 0, and clearly this agrees
with what we would get if we did it the ‘canonical” way, as we would hope. For the
circle case, apart from giving a way to directly compute the mode expansions for all
modes (instead of only half and then inferring the other half), there is no particular
benefit here. However, for the H-flux case, it makes the prescription much clearer
since we have 2d integrals where the region of integration includes both |z| > |w| and

|z| < |w|. We come to this calculation now.

The integral over the worldsheet

Let us evaluate the second term in (D.1). First, we look at the region € < |z| < |w|,

where we have

1 d*z 3 = m x =z, —k— k—n—15—p—
—5m E// p— w(‘?gbw(z)(?gbz(z) =—7 > araiw ! / d*zz tz7r=1 (D.19)
|z|<|w] = |z|<|w]

This is straightforward once we set z = re?, so we will simply state the results. We get

i ) o
p

k>0
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where the p = 0 term is understood in terms of a limit in a similar way to (D.11). For
|z| > |w|, to deal with the singularity at infinity, we will regularise the integral by

integrating over the region |w| < |z| < 1/e. The calculation is very similar and we get

m M —k—1 —2p _ 2p
g ; T (fwl er). (D.21)
k<0

Thus, up to divergences in the ¢ — 0 limit, we get the same result in both regions
|z| < |w| and |z| > |w|, except for the range of the summation variable k. As we
mentioned when discussing the circle case above, we want this to be the case so that
our results are the same whichever region we look at and whichever method we use.
Now, we would like to combine (D.11) and (D.20) to obtain dpa¥. As discussed
above, we have different prescriptions depending on whether n > 0 or n < 0. For n > 0,
which is the case we usually focus on, we choose the contour integral representation
where the contour is |z| = ¢, and we take the part of the 2d integral where |z| < |w|.
To read off the deformation of a¥, as usual we must take the coefficient of w™""! in
(D.11), (D.20). However, note that the coefficient in (D.20) has w-dependence. To

n—1

deal with this, we note that, when we are extracting the w™ coefficient, formally

what we are doing is multiplying by w™ and doing the contour integral ¢, _,

some constant 1. When the coefficient is independent of w, this amounts to simply

dw, for

reading off the coefficient and the result is independent of 7. However, in the case of

(D.20), we find that extracting the w™""! coefficient amounts to setting |w| = n. Thus,

we obtain

doad =z A,a”, + Z Buagay ., + ZCnpa a” n >0, (D.22)
where
A, = _;f/niyi%gzn’ B,, = %1&% (;jpp N 772172;)5210) | C. — _%g% ne—Q:p.

Given that the above is for n > 0, we can take the limits for 4,, and C,, since these

have no divergences and, extending the result to n < 0, we get

doady =Y Bupagon,,,  n#0, (D.23)
p
1mx m 1
Soay = ———=ai + »_ Boasay — — Y —aza’,. (D.24)
2/2 ~ 44
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If we wanted to compute the n < 0 case directly, we could use the corresponding
integral results for |z| > |w|. As discussed above, both methods should give the same
results.

Some comments are in order:

e We have left the limits in B, unresolved in the above deformation. This is
because the way we deal with these limits will depend on the connection we
choose, i.e. the way we choose to regularise divergences. Recall that, in the circle
case, we found from (7.44) that there were no divergent terms and we could
take the limit ¢ — 0 for all terms, which resulted in 00X = 0 for the ¢ and ¢
connections. However, here we find that, due to the X-dependence, we now do

have non-zero terms in the limit ¢ — 0.

» Note that this result depends on |w| = 7, as opposed to the CFT case. Given
that we no longer have conformal symmetry, the distance from the origin of the

operator we are deforming does indeed have an effect on the transformation.

o Finally, note that, in the adiabatic limit where X — x, the above result reduces
to the expected result for a flat torus, i.e. the O deformation is given solely by
the A, term.

D.2 ¢ calculation
From earlier considerations, we know that the dg transformation is given by
1
dp0o, = §m¢za¢z. (D.25)

In order to extract the transformation of the modes, we can rewrite this as an integral

by noting that?

0¢2(2)09:(2).

(D.26)

zZ—Ww Z — Z—Ww
>

0= [#d( =) (e 000 = (e, 200.(0) — [

2Where we have used

and integrated by parts.
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Now, let us look specifically at the contour integral around the point w. If we expand
¢"(z,2),0¢.(z) around w, this is

f . szw (6" (w, ) + ((z — w)Idu(w) + ...) + (2 — )9 (W) + ...))

X (@gbz(w) + (2 — w) 0P, (w) + ) : (D.27)

and on the contour |z — w| = ¢ we can set z — w = €?/(z — w), which gives infinitely
many non-zero terms in the integral above. However, in the limit ¢ — 0 only one term

survives, so we end up with

74 2 iszZ’ 2)0¢:(2) = ¢" (w, 0)0¢- (w), (D.28)

and so, going back to (D.26), we find that

d*z - 1 d
o 00,(2)00.(2) — gm f —T67(2,2)06.(2).

Co

1 - B 1
S (w, B)06.(w) = Jm / -
(D.29)
Now we simply have to compute these integrals. The second integral was already dealt
with in the O case. The first is very similar to what we had in the O case, but not

quite the same. However, the details are the same in essence, so we will simply state
the final result. We find:

mx

dpa? = ap, + Y Dpocar .+ Epacar D.30
ECn 2\/5 n ZP: P~p~p Zp: Pp P ( )
where
—2(p—n) —2(p—n)
m . n +e€ m 1
D,,=——1 , Eppy = —— , D.31
P 433%( 2(p — 1) ) e (D.31)

where we have also used the same notation as above for cases where the denominator
seems to vanish, i.e. these correspond to log terms.> Note that the first and last
terms in (D.30) are independent of €, which is reassuring given the results we have
derived previously for the flat torus case. Once again, the adiabatic limit, i.e. the term

proportional to x, gives us what we would expect.

3For the terms where there is no power of € in the numerator, we do as follows. Take %ﬂj as an
example. Look at erct

in the limit n — p — 0 and then set k = n — p.






Appendix E

Higher Order Deformations

E.1 Multiple O insertions

Our prescription for deforming an operator in chapter 7 involved the insertion of a
deformation operator O = [ O, which was then integrated over the worldsheet with
discs removed around insertion points. The choice of connection gave a prescription
for how these discs are defined. However, if we have multiple insertions of O then
more information is needed. Here, we give a prescription that reproduces the expected
results.

Suppose we have some operator A(w,w) which we wish to deform (with target
space indices suppressed). As given in section 7.1.3 for 0.X, we define the O™ operator

insertion as

/dQZn.../dQZlO(zn,En)...O(zl,El)A(w,u_J), (E.1)
S DA
where we recall that the domain of integration ¥; is
Yi={ze€C| |z|>¢l|zi—w|>0,|z—2]>€ Vj>i} (E.2)

Once we have this prescription, we can then take OPEs between the various operators
and explicitly compute the integral to any order that is desired. As an example, we
will look at the (O + dg)? calculation for 0X,, for a CFT deformation g — g + dg.
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E.2 (O + 5E)2 for 8XM

For simplicity, we will suppose that there are no B-field deformations involved. We

know that, given a deformation g — g + dg, if we have operator insertion

O = 6g,, / OXHHX, (E.3)
by

as well as the dg operator (7.55), we get the deformation
1 _
00X, = §5gw,((9X” —0X"), (E.4)

and this is in fact the full transformation. We know this because we already have
the full transformation from other methods, such as universal coordinates. If this is
the case, it should be that all contributions from higher power insertions of O and dg

cancel, e.g. at second order in dg, we expect
(602 + 000E + dpdo + 05)0X, = 0. (E.5)

Similar results should hold for higher orders®. Let us verify the second order result.

E.2.1 ©?

We will start with @? since this is the most involved calculation. We have

/ Az / 22023, %) 0 (21, 51)0X,,(w), (E.6)

31

where O = 59“1,6’)(“5)(” and

Y1={zn1€C| |zn|>¢l|z1— 2| >¢€|z1 —w| >0}, (E.7)
Yo = {2’2 € (C’ ’22’ > €, ’22 — w\ > 0} (ES)

'Note that this is only true for X, and is not true for X *. This is because the 9X* transformation
involves the inverse metric, which induces corrections to all orders in dg. This is the same reason why
the transformation of the modes «f; involves corrections to all orders, but g,,qa}, truncates at first
order in dg, as explained in section 7.1.3
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The second order contribution is given by the following contractions:

500G / 22 / P OX (29) X (2)0X7 (21) DX (31)0X ()

1

+ / &z / PrdX" ()X (2)OX7 ()X (2)OX () | (E.9)

P

Let us look at the first contraction. This is

1

2 v
5gyp59,mg /d ZQ/d 21 Go— 22 = w)zaX (22). (E.10)

P

For ease of notation, we will ignore the metric factors for now and focus solely on the

integral, which is

X” X" (z
/dQZQ/d221 0 /d Z9 % le 0 ) s (Ell)
(Z2 — 21)?(2z1 — w)? 2 o (Zo — 21)%(21 — w)

where we have used that 821 (, 1 ) = 0, since X; excludes a disc around z5. Let us

zZ1—22
now consider the integral

X da ZQ)i(zl mymi (E.12)

where |, I'; = 9%;. We have boundaries around z; = 0, w, z5. Let us call the boundaries

[y, 'y, I's respectively, and let us consider each of these in turn.

'y = 0Dy

We take z; = ee? and s := €, which results in the integral

1 ds
2 SR (£.13)
= s

which has a pole at s = £ if we take |w|, [2;] > ¢, which we do. Evaluating the residue,

we obtain the result

1 €2

j{ dzl (1 — 22)2(z1 —w) (w2 — €)% (E-14)

|21]=€
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'y =0D,

Let z; = w + €e??. Then, the contour integral becomes

—2i6

e 1 ds

_i/dé(_ R P [ 5 (E15)
J Zo — W — €€ Zo — W il 8 (s _ zgiw)

where s = € has been used in the second equality. The integrand has poles at both

s =0and s = €(Z; — w)~"!. Doing the residue calculation, we find that we get equal

and opposite contributions from each pole, and so we get zero contribution from this

boundary.

Iy =0D,,
Once again we make a substitution by taking z; = 2, + €%, s = €%, which gives

1 ds
_ E.1
2 J e (B 10

which has no poles since |w|, |z;| > € and |w — z;| > €, so this boundary gives zero
contribution.

Thus, overall we have

1 €

dz =— . E.17
) e ~ wn = ap (17

Going back to (E.11), we now wish to do the z; integral, i.e. we compute

0X"(
/ 220X (22) f dag < ]{ 222, (E.18)
(z1 — 2o) (zl—w Wiy — €
>N

where we have used — (wZ;iQ)Q = %w(w;z_g) and integrated out the derivative. Using

the mode expansion of X" (z;) and letting 2z, = ee', this becomes

27 .
€ ¢ ne—in? 7
v [gpf 1 74 d E.19
w2 Zn: ano/ we=® — ¢ \/_ Ton(s — @) (E-19)

lsl=1
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where we have set s = €% in the second equality. The integrand has a single pole at

s = 0 with residue —(w/€e)™", so overall we have

] :
/d2228XV 22) % d21 = —\;iZw_"_loz;’L. (E.20)

— 2)2(z —
s (z1 — 22)%(21 — w)
This completes the calculation of the first contraction in (E.9). The calculation for the

second one involves similar integrals and we will give some brief details. The integral is

1

(22 —w)

1
5gwagpagw / A2 / sz1 OXP(21) = ~0G,0000g" I°, (E.21)
ZQ — Zl) 2 4

31

and so the integral Z? that we are interested in calculating is

(21) i d?z 2yt
/dZQ%dzl 2:72041/72 le_ —
J (21 — Z2) (22 — w) V24 g (29 — w) oo Z1 — 2o
(E.22)

where now we must include 0X”(z1) from the outset since it has z; dependence. We

are thus interested in the integral

Z 7{ e (E.23)

As before, let us look at each boundary in turn.

Lo

. — — 2_,.% . . .. .
Using |z1] = €, we have z; — Zo = <=2 and substituting this in gives
z2

1 2" 1 1 on1 2\ 7! 1 [\ "
- — dyy————— = —— v a1 \A1— — - — | = =0,
2 2z —€2/7% Zo | (n— 1)1 02] 2 Zo \ Zo

21=0

so we get zero contribution from this boundary.
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L'y

We set 23 = w + e’ as well as s = €, which gives
)

n s
— ds (E.25)
w—Zz j{ w)"H e\’
Lim (518)7 (+a%)
which has a pole at s = — 5 and evaluating the integral and taking the limit e — 0,

we find that this also vanishes (recall that our prescription is such that we always take

the circle around w to vanish), so once again there is no contribution.

Iy

We have |z; — 23| = €, so the integral simply becomes

z] — 2
& f e —— (E.26)
21
|z1—22|=€
and setting z; = 2, + €s, where s = e, we get
—n—1 S
€ y{ ds——— = =0, (E.27)

n+1
z2
|sf=1 (SJF )

since there are no poles inside the unit circle. Thus, all boundaries give zero, so we
conclude that

1
/ 22, / P LOX?(z1) = 0, (E.28)
o (2’1 — 22

J 2z — )

i.e. the second term in (E.9) vanishes, and the only contribution is from the first term.

Therefore, overall we have
1
0020X,, = Z59“,,g”"(SQWE)X". (E.29)

Note that this is precisely what we would get if we applied dp in a naive sequential

way, i.e. if we said

1 1
020X, = §5O (09, 0X") = Zégwg"pdgw@X”, (E.30)
and so it seems as though we can simply say dorn = (0p)". We will see shortly that

this is indeed how we claim the higher order transformations work.
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E.2.2 6z°

This is fairly straightforward. The first action gives %59W6Z8X ¢ and so overall, after

the second action, we get
1
630X, = — 5099”090 0X7 = —050X,,, (E.31)

and so we have (6% + 0%)0X, = 0.

E.2.3 Odg+ 650

This is again straightforward, so we will simply state the results. We have
1 _
0pb00X, = —000p0X, = Zégw,g”pégw@X”. (E.32)

Thus, we find that (6o +0£)?0X,, = 0, as expected. We expect that (6o +dg)"0X, =0
holds for all n > 1.

For other operators the story will be different, and each operator must be dealt
with on a case-by-case basis. For example, if we are looking at the stress tensor T', we

should find that there are non-zero contributions only to order d¢?, and so we expect
(00 + 0g)"T =0, n > 3. (E.33)

Of course, we could also just substitute the transformation for 0X into T instead of

deriving it from scratch, and this should give the same result.

E.3 An operational approach to higher order O

insertions

The above calculations suggest a way of ‘operationalising’ the O insertions at higher
order. What we saw was that, for the 020X, calculation, the only double contraction
which gave a contribution was the one which corresponded to the order of integration,

i.e. the contraction schematically of the form

0:0,0X . (E.34)

3o ¥

/ M
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We postulate that this generalises to higher powers, i.e. at order n, the only contraction

of relevance is the following:

/ /[on[on_l[...[og[ol,axu]]...]], (E.35)

En

i.e. we contract in the order in which we compute the integrals (we use commutator
notation for clarity, as explained in section 7.1.3). Thus, we would first contract 0.X,
with Oy, then contract the result with Oy, and so on. This provides a way of making
the application of multiple O operators more systematic, since this can intuitively be
understood as sequentially applying the operator insertions. This allows us to write

the deformation to all orders as
00X, = exp(do + 0r)0X,,. (E.36)

Note that we are not giving a mathematical or physical proof that this approach works,
we are simply saying that this is a prescription which is intuitive and seems to agree
with known results. Also, although we have specifically looked at 0.X,, here, we expect

this approach to work for any operator.



Appendix F

Level Matching

For a variety of reasons, it is important that, in all of our discussions on operator
deformations, we still have level matching, or rotational invariance. One reason is that,

in [23], the variational formula that is postulated is averaged over all angular variables.

F.1 Level matching for the circle

First we do the circle case to illustrate how it works in a standard CFT context. For a

circle of radius R deformed to R + d R, we have deformation operator

O =) / OXOX, (F.1)
X

where A = dg/R* = (2RSR + 6 R?)/R?. To show level matching, we must show that
[07 LO] = [Oa EO]? (FQ)

where

Lo = 7{ d22T(2),  Lo= 7{ d57T(3), (F.3)

|z|=1 |z]=1
where both integrals are independent of the radius of the contour. In other words, we

must show that [O, Ly] is invariant under holomorphic <+ antiholomorphic. We have

(O, Lo] =) / 2z 74 dwdX (2)0X (3)g~ wdX (w)dX (w)

by C.
~ Z/ d2z 7( (qu;)QéX(E)wOX(w), (F.4)

C.
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and doing the contour integral and integrating by parts gives

A f 720X (2)0X (). (F.5)

Co.Ch

The integral around C', can easily be seen to vanish when we take the limit € — 0, so

we are left with

A f 720X (2)0X (2), (F.6)
and using zdz = —zdz when |z| is constant, we see that this is invariant under z <> Z,
and so we do indeed have [O, Ly| = 0, as required.

F.2 Level matching for the H-flux

Now we come to the more complicated case of the H-flux, although we will see that
level matching is still preserved. Using the results (8.19), (8.20), (8.21), we have

0,Ly] =m / Fen f{ dwo® (=, 2) (2, %) (aqsi(w) + 06 (w) + agzsg(w))
b C,

Nm/d2z

= —m/dgz (za@( VF,.(2,2) + ¢"(2,2)F,(2,2) + zgzﬁz(z,z)@Fy;(z,z)), (F.7)

¢‘”( Z)

(Rt 00n(u) - CE 6,100,0) - B0, 2100, )

where in the last step we have done the w contour integral and used that 0@ =

00¢* = 0. The last term in the final equality above can be written as
—m / 2(0.(:6%(2,2)Fy(5.2) = (5, D) Fya(2,7) — 206,(2) Py, 9))

=m % dz¢" (2, 2)F, (2, 2) +m/d2 (0"(2,2) + 200.(2)) F, (2, 2). (F.8)

CL,Cl,

By the same argument as for the circle, the contour integral around w vanishes, and so

overall we have

[0, L] =m j{ dz2¢" (2, 2) (00,(2)06.(2) — 06.(2)0¢, (%)) , (F.9)
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which is indeed invariant under z <+ z, so we still have [O, Ly ] = 0 for the H-flux.
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