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Zusammenfassung

Diese Doktorarbeit diskutiert zwei Aspekte von nicht-geometrischen Stringhintergriinden,
welche durch links-rechts asymmetrische konforme Feldtheorien definiert sind.

Mithilfe von simple currents werden vierdimensionale links-rechts asymmetrische Typ
IIB Gepnermodelle mit A/ = 1 Supersymmetrie konstruiert. Die Analyse der masselosen
Vektormultiplets weist die Kombinatorik einer zugrundeliegenden complete intersection
Calabi-Yau-Mannigfaltigkeit auf. Diese Beobachtung legt nahe, dass diese asymmetrischen
Gepnermodelle einem voll riickgekoppelten AN/ = 1 Vakuum in der geeichten N’ = 2 Super-
gravitationstheorie entsprechen, welche man durch eine Flusskompaktifizierung von Typ
IIB auf der zugrundeliegenden Calabi-Yau-Mannigfaltigkeit erhalt. Wir verifizieren diese
Hypothese, indem wir das Spektrum von mehreren asymmetrischen Gepnermodellen mit
den notwendigen Bedingungen vergleichen, welche beim Brechen von N =2 — N =1
in der geeichten Supergravitationstheorie existieren. Um weitere Beweise fiir die ver-
mutete Korrespondenz zwischen asymmetrischen konformen Feldtheorien und geeichten
Supergravitationstheorien zu finden, werden mithilfe einer stochastischen Computersuche
samtliche links-rechts asymmetrische Gepnermodelle in vier, sechs und acht Dimensionen
mit mindestens acht Superladungen klassifiziert. Alle Modelle konnen wenigen verschiede-
nen Klassen zugeordnet werden, welche sich durch dimensionale Reduktion, asymmetrische
Orbifolds mit (—1) Divisor, Eicherweiterung und, am wichtigsten, den super-Higgs Effekt
erklaren lassen. Die Gepnermodelle in letzterer Klasse zeigen dabei die charakteristischen
Merkmale einer gebrochenen geeichten Supergravitationstheorie.

Der zweite Teil der Doktorarbeit widmet sich dem nicht-assoziativen Sternprodukt,
welches fiir nicht-geometrische R-Fluss Hintergriinde auftreten soll. Da das Sternprodukt
im Sektor der geschlossenen Strings auftritt, gab es in letzter Zeit Bemiithungen, die Dif-
feomorphismensymmetrie der Stringtheorie mit dem Sternprodukt in Einklang zu bringen.
In der mathematischen Literatur wurden schon erfolgreich Sternverallgemeinerungen von
Tensoren, Zusammenhangen und der Riemann Kriimmung konstruiert. Wir fithren diese
Bemiihungen fort, indem wir mehrere Liicken fiillen und zum Beispiel die Torsion, eine
Metrik und ihr Sterninverses definieren. Wenn es darum geht, eine Metrik zu definieren,
begegnen wir groflen Schwierigkeiten, welche man allesamt auf die nicht-Assoziativitat des
Sternproduktes zuriickfithren kann.

Diese Doktorarbeit beruht hauptséchlich auf den Publikationen [1, 2 [3] sowie dem
Review [4] des Autors. Kleinere Abschnitte basieren auf [5] [6] und dem Review [7].
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Abstract

This PhD thesis will discuss two aspects of non-geometric string backgrounds defined by
left-right asymmetric conformal field theories.

Using simple currents we construct four-dimensional left-right asymmetric Gepner mod-
els of type IIB with N' = 1 spacetime supersymmetry. An analysis of the massless vector
multiplets reveals the combinatorics of an underlying complete intersection Calabi-Yau.
This observation suggests that these asymmetric Gepner models might correspond to a
fully backreacted N/ = 1 vacuum in the N' = 2 gauged supergravity, which is the effective
action of the type IIB flux compactification on the underlying Calabi-Yau manifold. We
check this conjecture by comparing the spectrum of several asymmetric Gepner models
with the necessary conditions for an N' = 2 — N = 1 breaking in the associated gauged
supergravity. To provide further evidence for the conjectured correspondence between
asymmetric CFTs and gauged supergravities, we classify left-right asymmetric Gepner
models in four, six and eight dimensions with at least eight supercharges using a stochastic
computer search. We can sort all models into few different classes that can be explained as
dimensional reductions, asymmetric orbifolds with an (—1)t factor, gauge enhancement
and, most importantly, the super-Higgs effect. The asymmetric Gepner models in the latter
class exhibit the characteristic features that are expected from a gauged supergravity.

The second part of this thesis deals with the non-associative star product that is sup-
posed to appear in presence of a non-geometric R-flux. Since the star product appears in
the closed string sector there have been recent attempts to reconcile the diffeomorphism
symmetry of string theory with the star product. In the existing mathematical literature
were able to construct star generalizations to tensors, connections and the Riemann cur-
vature. We continue these efforts by filling several gaps like introducing a torsion, a metric
and its star inverse. When it comes to the metric we encounter major obstacles that can
be traced back to the non-associativity of the star product.

This thesis is based mainly on the publications [I} 2 B] as well as the review [4] of the
author. Minor parts are taken from [5, [6] and the review [7].
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Chapter 1

Introduction

For centuries physics have followed a simple but extremely successful pattern: Empiric
experiments yielded ever new results, which then had to be explained and put into a
consistent mathematical theory. However, since the 20th century mathematical knowledge
has increased to such an extent that the traditional order, theory follows experiment,
has been turned around in not just a few cases. One of the major examples for such
a turnaround is probably Albert Einstein, who found his theory of general relativity by
relying solely on gedankenexperiments and mathematical reasoning, rather than specific
experiments. Only afterwards his theory was experimentally confirmed to be superior to
Newton’s law of gravity. Another famous example is the anticipation of the antiparticle
of the electron by Paul Dirac, found four years later or the prediction of the neutrino
by Wolfgang Pauli. Nowadays particle physicists have agreed on a certain quantum field
theory that is called the standard model. This name “standard model” clearly reflects its
enormous success. The standard model for instance correctly predicted the W+, Z° and
Higgs bosons long before they were discovered. In case of the Higgs boson the detection
needed the gigantic LHC to finally find it over 50 years after its first appearance in a theory
paper.

Nevertheless there are experiments that point towards physics beyond the standard
model, like the non-zero mass of the neutrinos, the existence of dark matter or the domi-
nance of matter over antimatter. But these results can most likely be explained by other
quantum field theories that modify the standard model slightly, for instance by adding
more particles. Physicists have not agreed on such a modified standard model so far sim-
ply because we are lacking an experimental “smoking gun” that singles out a particular
quantum field theory to be the correct one.

But even when the standard model is adjusted accordingly to some future experimental
results, the common theories have problems that suggest the existence of a more fundamen-
tal theory. The first problem is that realistic quantum field theories are not “UV-complete”.
This means that at a certain (usually very high) energy scale the theory predicts its own
breakdown since the perturbative expansion becomes divergent. Furthermore when treat-
ing Einstein gravity as quantum field theory there are clear signals that gravity is only
the effective theory of an unknown microscopic theory that governs the physics beyond
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roughly the Planck scale. Since the energies where the known theories break down are far
from experimentally reachable in a laboratory, the only hope to find experimental hints
for the unknown physics lies in cosmological observations, e.g. from the cosmic microwave
background, dark energy or black holes.

But right now, surprising experimental data is neither available nor expected soon.
Consequently, current theoretical physicists cannot follow the old pattern but can just
stick to the second approach, thus mathematical arguments or educated guesses, to find a
more fundamental theory. Although originally formulated as possible theory of the strong
interactions, string theory can in hindsight be justified exactly as this: It is a plausible
new ansatz not to explain experiments, but rather to solve the problems that the common
theories have. Since string theory has turned out to be much more than just a plausible
ansatz, it is still, 50 years after its beginning, a highly active research area and it has
become the prime candidate for a unified theory of all forces and matter.

Let us explain the basic concept of string theory: The UV divergences of quantum
field theory appear at high energies, thus small distances, and come mathematically from
point-like interactions. A possible solution to avoid divergences is therefore to smear out
the particles and interactions by giving all particles a volume. To start easily, we smear
the particles only in one dimension such that they become strings or, from the spacetime
viewpoint, the former worldlines become worldsheets. Since the action of a particle in
spacetime is simply the length of its worldline, a possible action for a string is the area of
its worldsheet

1
Sng = — dA.
NG 2ma! /E

This action is called Nambu-Goto action. Here, ﬁ ~ M? is a constant that encodes

the energy of the string per length unit and ¥ is the worldsheet. This action is hard to
quantize since it contains a square root when choosing a particular parametrization of the
worldsheet. One therefore rather uses the classically equivalent Polyakov action, that in
conformal gauge reads

Sp =

4o

/ dodt 1. 7 9, X O, X" .
b

The variables o and ¢ parametrize the worldsheet ¥ equipped with a flat Minkowski metric
Yab- The field X* = X# (o, 7) embeds the worldsheet into the flat target space that has the
metric 7,,,. When introducing left- and right-moving coordinates z = t +i0 and 7 = t —io,
the action becomes

S~ / dzdz n,, OX"OX".
)

Later it will be very important that this action is manifestly invariant under z <> z and
therefore left-right symmetric.

The Polyakov action in the above form is invariant under the angle preserving conformal
transformations. In particular, rescalings are part of the conformal group such that any



energy scale is forbidden. When quantizing the action one gets a conformal field theory
that, since the conformal algebra has an infinite number of generators, is fully solvable.
Furthermore, also stringy loop corrections from worldsheets with higher genus turn out to
be UV finite, such that string theory is well defined at any energy scale in contrast to most
quantum field theories.

When looking at the Hilbert space of string theory one has to distinguish two sec-
tors: The first one describes open strings while the other one describes closed strings.
In the closed sector there appear three massless fields, the symmetric traceless h,,,, the
antisymmetric Kalb-Ramond field B, and the scalar ¢, called the dilaton. When comput-
ing the effective action for the h,, field one finds the usual Einstein-Hilbert action with
Guv = Ny + hy. Therefore by, is the graviton that measures fluctuations of the metric.
Although from now on we will restrict ourselves to the closed strings, let us shortly men-
tion what happens in the open string sector. There one finds a field A, that behaves like
a massless spin one field. To sum up, string theory turns out to be a UV finite, unified
theory of quantum gravity and gauge fields.

Of course there are phenomenological problems with string theory. For instance, the
theory is only anomaly free in 26 dimensions and the field content is clearly far from being
realistic. For this reason one usually investigates the supersymmetric extension of the
Polyakov action. The resulting superstring lives in ten dimensions and also has spacetime
fermions. Huge efforts are put into the question on how to compactify the 10D theory to
get a realistic four-dimensional model. Since we do not address these issues in this thesis,
we will not discuss them any further here.

Let us instead turn to a peculiarity of string theory. Being extended objects, the way
strings probe the spacetime is intriguingly different from the way usual point particles do.
To give an example take one direction of the target space to be a circle of radius R. As
extended objects closed strings might wind around this circle and cannot be shrunk to one
point. Consequently, apart from the quantized momentum, closed strings need another
quantum number that counts how often the string is wound around the circle. Clearly,
this is not necessary for point particles that cannot wind around a circle. There is another
major difference in the way point particles and strings probe the circle. For particles, every
choice of the radius R leads to a different behavior. This is not the case for string theory.
It turns out that strings cannot distinguish between a circle of radius R and R’ = %. One
says that string theory on radius R is T(arget space)-dual to string theory on radius R’ = %
since both theories can be mapped onto each other by interchanging the momentum and
the winding number of the string. To realize T-duality from the worldsheet point of view,
recall that one can introduce left- and right-moving coordinates z/Z = t 4 io under which
the string embedding function can be split as X#(z,%z) = X} (2)+ Xj(Z). T-duality is then
simply the sign inversion of the right-moving part X% (z) — —X%(%Z) Therefore the stringy
T-duality is a manifestly left-right asymmetric operation.

Related to the left-right asymmetric T-duality there is another peculiarity with strings:
They can actually probe spaces that do not have a geometric description and are therefore
called non-geometric backgrounds. Since these non-geometric backgrounds will be the main
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topic of this thesis, let us introduce them in more detail in the following.

So far we have only spoken about strings in a flat spacetime. By simply replacing
the flat metric in the Polyakov action by a curved one 7,, — G,,(X) one can let strings
propagate in a curved spacetime. Furthermore we can also allow for non-trivial background
values of the other massless fields of string theory. E.g. to have a non-trivial background
Kalb-Ramond field we need to add

Sp

/ dodt e“bBW(X) Ou XHOp X"
s

Y

to the action. All the additional terms are, like the original Polyakov action, left-right
symmetric and conformally invariant. The full action is a non-linear sigma-model and
appeared first to describe sigma particles.

Right now only the first quantization of this action is known. This means that we can
only quantize the string, thus X*#, while all the background fields G, (X), B, (X) etc.
are fixed and classical, and from the sigma model viewpoint they are coupling constants.
To have an anomaly free quantum theory one has to ensure that the g functions of these
coupling constants are vanishing, since otherwise there would be an energy scale that breaks
conformal invariance. In case the background fields are chosen correctly, the action defines
a particular conformal field theory that describes strings moving in the given background.
This suggests that there is a clear correspondence between conformal field theories and
backgrounds. Unfortunately, this is not the case. Matching backgrounds and conformal
field theories was successful only in rather few cases. There are fundamental and technical
reasons for this:

For the superstring the major limitation is that conformal field theories cannot incor-
porate non-trivial background of the fermionic Ramond fields. The technical reason lies in
the fact that the vertex operators for the potentials of the R fields are lacking. The usual
superstring sigma models can therefore only describe how the superstring couples to the
purely bosonic NS-NS background fields and consequently only NS-NS backgrounds have
a corresponding conformal field theory.

Another obstacle consists in the difficulty that, given a usually highly abstract confor-
mal field theory, identifying the background is a very hard task. Furthermore the metric
and therefore the sigma model of some of the most interesting backgrounds like the Calabi-
Yau compactifications cannot be explicitly written down. An exact agreement between a
background and a conformal field theory has therefore been established in rather few cases
and relies on usually indirect arguments. The best understood case is the flat space,
toroidal compactifications, and orbifolds thereof. All of them correspond to (quotients of)
free conformal field theories. More non-trivially Gepner models are the CFTs to certain
hypersurface Calabi-Yau compactifications, and strings on group manifolds are described
by Wess-Zumino-Witten models.

There is furthermore the large class of left-right asymmetric conformal field theories for
which we do not have a target space description. Recall that the above string Polyakov
action couples the background fields left-right symmetrically to the string. Starting from



the Polyakov action we can therefore only obtain left-right symmetric conformal field the-
ories. Nevertheless also genuinely left-right asymmetric conformal field theories do exist
and they define valid string theory backgrounds. Being left-right asymmetric, the corre-
sponding background cannot be the one of just a metric and maybe additionally a B-field.
Lacking a metric that defines the geometry of the target space, these backgrounds are
called non-geometric backgrounds. The attentive reader will have noticed that we encoun-
tered a left-right asymmetry before when discussing T-duality. Indeed, one way to think
about non-geometric background is that they are the T-dual backgrounds to a geometric
background. This means that an un-T-dualized string can propagate in its T-dual back-
ground. Since T-duality is not defined for point particles, such non-geometric backgrounds
are intrinsically stringy. In this light it is questionable whether there exists an associated
effective action for the string excitations since this effective action is usually derived in the
point particle limit. These non-geometric string backgrounds are the main topic of this
thesis. Let us explain the content and the logic of this thesis:

In the first part of the thesis we will argue that we can identify a geometric remnant in
many asymmetric CFTs. This remnant is a geometric background that upon a suitable non-
geometric perturbation adjusts itself such that it becomes the non-geometric background.

The idea for this identification stems from the observation that there is a connection
between asymmetric toroidal orbifolds and perturbed, thus gauged, maximal supergravity
theories obtained by torus compactifications. The 4D supergravity theory of string theory
on a six-dimensional torus has a large global symmetry group from the isometries of the
six-torus. Parts of this global symmetry can be gauged by turning a subgroup into a local
symmetry. From the compactification viewpoint the gaugings correspond to a perturbation
of the background geometry with additional background fluxes. But as it turns out, there
are more gaugings than geometric background fluxes to turn on. These additional gaugings
correspond to non-geometric background fluxes that are the T-dual fluxes to the known
geometric fluxes. It is well-established that fluxes around a cycle in the internal geometry
always yield a non-trivial monodromy around this circle. If we identify the monodromy
of the non-geometric flux, we can build the corresponding conformal field theories by
imposing the monodromy via an orbifold of the known torus conformal field theory. For
non-geometric fluxes this orbifold will be genuinely left-right asymmetric.

It is natural to ask if one can relate more involved asymmetric conformal field theories
to a gauged supergravity. In the publication [2] we therefore asked the question whether we
can identify a corresponding gauged supergravity for four-dimensional Gepner models with
left-right asymmetric simple current extensions that have N = 1 supersymmetry. These
asymmetric Gepner models should be related to an N = 2 gauged supergravity, since pure
Gepner models usually describe strings moving in a Calabi-Yau background. The identifi-
cation of a geometry in Gepner models is a highly non-trivial task. We therefore dedicate
a whole chapter to a detailed review of pure Gepner models with an emphasis on the ge-
ometry behind Gepner models. Having this knowledge, a close inspection of the spectra of
the asymmetric Gepner models reveals an underlying Calabi-Yau structure. We review the
supersymmetry breaking process from A" = 2 to A/ = 1 in gauged supergravity and deduce
bounds on the spectrum of the A/ = 1 vacua. We find that the spectra of the asymmetric
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N =1 Gepner models fit into the bounds one expects for the broken N = 2 supergravity
of the Calabi-Yau we associated to the particular Gepner model. This motivates us to con-
jecture that in general asymmetric conformal field theories correspond to fully backreacted
gauged supergravities. The phrase “fully backreacted” reflects that gauged supergravi-
ties are perturbed supergravities in which the backreaction of the perturbating fields is
neglected. But conformal field theories represent strings moving in a fully consistent back-
ground that therefore must already have fully adjusted according to the perturbation. To a
given asymmetric conformal field theory we have therefore identified a geometric remnant
that under a suitable perturbation backreacts towards the non-geometric background.

The perfect setting to provide further evidence for the conjecture is asymmetric Gepner
models with more supersymmetry. They should correspond to supergravity theories that,
constrained by the large amount of supersymmetry, only allow for definite supersymmetry
breaking patterns. In the publication [3] we therefore classify all asymmetric Gepner models
in four, six and eight dimensions with more than eight supercharges. Indeed we find all
models either satisfy the constraints from gauged supergravity or can be explained by other
mechanisms.

Having only an indirect geometric interpretation of non-geometric backgrounds there is
still the question of what the intrinsic geometry of non-geometric backgrounds is. There are
hints that the non-geometric nature manifests itself in the presence of the non-associative
algebra

— Lt Risk Dk and (2%, p;] = ihd'; .

[QU,QZ] Shs

where [, is the string length and R*? is a constant antisymmetric tensor called the R-flux
that is the fully T-dual flux to the known H = dB flux. The algebra is non-associative and
violates the Jacobi identity, both by a defect term ~ R“*. To quantize the algebra we will
use deformation quantization algebras where a given algebra is realized by introducing a
star product. For the above algebra the star product reads

frg=f-g+Ln0fdg—fog) + %R p 0 f 09+ ...

and indeed by inserting x and p we recover the above algebra. The appearance of a
non-associative star product is intriguing since quantum mechanics usually forbids non-
associativity by assumption and the conformal field theories of string theory are ordinary
quantum theories. But so far in all calculations the contradiction could be resolved and the
non-associative defects vanish by momentum conservation, the strong constraint of double
field theory, or by only giving boundary terms without contribution to observables.

The second main part of this thesis is based on the publication [I] and will elaborate
whether it is possible to formulate a gravity theory on a space that obeys the above com-
mutation relations between the coordinates. A special emphasis will be put on the question
whether there is a mechanism that preserves the usual diffeomorphism symmetry of closed
strings. Since the graviton vertex operator for the non-geometric backgrounds is unknown,
we cannot construct the star gravity theory as effective action of string theory. Instead



we follow the usual steps in constructing Einstein’s gravity and adjust every ingredient
accordingly to the star product.

In a first step a star generalization to the diffeomorphism has to be found. To reconcile
star products with a symmetry there are two approaches. The first introduces a star
symmetry by changing the way the symmetry acts on fields. Since star symmetries do
only exist for associative star products and the symmetry group U(N), we have to stick
to the second approach, called twisted symmetries. In twisted symmetries, instead of
changing the symmetry, the Leibniz rule is changed, or twisted, to guarantee covariance
between the symmetry and the star product. Since twisted diffeomorphisms exist and
appear naturally for non-associative star products, we will take this approach. We review
the known procedure to define twisted tensors, twisted connections and a twisted Riemann
curvature tensor. We fill existing gaps like the introduction of covariant derivatives of
vectors or the introduction of the torsion tensor. But in doing so we find that the non-
associative nature of the algebra leads to severe problems when introducing a metric. Let
us mention two of them: Since the placing of the brackets between the three objects
in a scalar product matters, there is no unambiguous generalization of a scalar product.
Furthermore we can show that an inverse can only exist in very special cases. Ignoring
these fundamental problems, we nevertheless try to find hints on how to reconcile the star
gravity with the expectations of string theory. We find no obvious mechanism how to
restore the usual diffeomorphism symmetry of string theory and associativity.

This thesis is structured as follows: In the second chapter we will review Gepner mod-
els that describe strings moving in certain Calabi-Yau backgrounds. In the course of this
chapter we will introduce all necessary techniques to understand the following chapters.
The third chapter starts with a review of the relationship of asymmetric toroidal orbifolds
and gauged maximal supergravity. Then, based on [2], we explain how to deduce the geo-
metric interpretation of four-dimensional asymmetric N' = 1 Gepner models and compare
their spectrum with N' = 2 gauged supergravity. In chapter four we will present the re-
sults of [3] and classify all asymmetric Gepner models in D = 4,6, 8 with more than eight
supercharges. Finally, in the last chapter, we will try to formulate a gravity theory on the
non-geometric R-flux space following [1].
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Chapter 2

Conformal field theories of
Calabi-Yau compactifications

This chapter will review conformal field theories that describe superstring motion in a
spacetime Miop = R*! ® Y3 where R>! is a flat Minkowski spacetime and Yj is a Calabi-
Yau manifold defined as a hypersurface of a weighted projective space. This is one of the
few string vacua where one knows both a supergravity description and the full classical
string solution in terms of a conformal field theory. These conformal field theories were
found by Doron Gepner and are accordingly called Gepner models. The aim of this section
is to understand Gepner’s construction and especially how these highly abstract CFTs can
be given a geometric interpretation in terms of a Calabi-Yau manifold. We will introduce
the essential techniques such as the usage of simple currents, the computation of Hodge
numbers or reading off the monomials from a CFT spectrum. All these techniques are
employed later in the following main chapters and therefore the key to understand them.

The chapter starts with a short recap of Calabi-Yau compactifications from the super-
gravity viewpoint while the rest of the chapter will be dedicated to conformal field theories.
After introducing general features of the partition function we present certain conformal
field theories that will be used as building blocks in Gepner’s construction. Afterwards we
will turn to simple currents, a systematic method to construct modular invariant partition
functions. In the fourth section we will review N = 2 superconformal field theories and why
they necessarily appear in supersymmetric compactification of string theory. Subsequently
we will introduce a class of N = 2 superconformal field theories, the Landau-Ginzburg
models, that also turn out to be the minimal series of N = 2 superconformal field theo-
ries. Then we will see how hypersurfaces in weighted projective spaces, thus Calabi-Yau
manifolds, are actually described by Landau-Ginzburg orbifolds. After a short intermezzo
about the computation of the Hodge data of these Calabi-Yau manifolds we will take all
the building blocks and put them together into Gepner models.

While we try to introduce all essential concepts it is helpful to have some knowledge of
Calabi-Yau compactifications and conformal field theories when reading this chapter (see
e.g. the books [8,9]).
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2.1 1IIB string theory on Calabi-Yau threefolds

When compactifying type IIB string theory on a Calabi-Yau threefold Y3 we get N = 2
target space supersymmetry in four dimensions. This chapter is meant as a reminder of
known facts about the Kaluza-Klein compactification on a compact Calabi-Yau manifold
and to introduce notation we need later.

To get an intuition about the Kaluza-Klein compactification let us take a massless 10D
scalar ¢ and see what happens when splitting the spacetime as Miop = R*! x Y3. In
particular the equations of motion will split

Uiop® = Uapd + Ay = 0. (2.1.1)

To get an effective four-dimensional description, ¢ is expanded in terms of eigenfunctions
Y, of the internal Laplacian Ay,

S, y) =D dn(2)Yal(y). (2.1.2)

The internal coordinates are called y and the external ones . When writing the eigenvalue
equation as Ay, Y, = —m%Yn the equation of motion becomes

(Oup — m2)pu(x) = 0. (2.1.3)

This reveals that ¢, is a scalar with mass m,, in four dimensions. When repeating the
analysis for p-forms one obtains a qualitatively similar result. In energy regions where
E < m,, we can truncate the spectrum to only the massless modes. To do so the internal
part of any form has to be harmonic, thus eliminated by Ay,. Due to

Ay, = dd* + d*d (2.1.4)

where d* = £ x dx, a p-form w, is harmonic if and only if w, is closed dw, = d*w, = 0.
Hodge’s theorem states that any p-form w, has a unique decomposition

Wp = hp + dOép_l + d*ﬂp+1 5 (215)

where h, is a harmonic p-form. Therefore the harmonic forms are in the cohomology
quotient

{doy, = 0}
{op = dBpa}

The cohomology is in one-to-one correspondence to the homology of the space that de-
scribes the non-contractible closed cycles of the manifold. Intuitively speaking the mass-
less modes correspond to the constant Fourier mode around each non-trivial cycle. The
number of non-trivially closed forms/non-contractible cycles of dimension p is counted by

HP(Y;) = (2.1.6)
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the Betti numbers 0” = dim(H?(Y3)). In the following we are using that any Calabi-Yau
manifold is a complex manifold and introduce holomorphic and antiholomorphic coor-
dinates. Accordingly the cohomology is split as H??(Y3) where p,q denotes the holo-
morphic/antiholomorphic dimension. The dimensions are denoted as Hodge numbers
h?? = dim(HP(Y3)).

We will now explicitly expand the 10D forms into the harmonic forms of the Calabi-
Yau to obtain the massless 4D spectrum. The 4D indices will be Greek letters while the
Calabi-Yau indices are named 4, j, 4, j and so on.

NS-NS Sector

There are two kinds of deformations of the metric that preserve the Ricci-flatness, the
complex structure and the Kéahler deformations. The complex structure deformations are
controlled by the third cohomolgy group of the Calabi-Yau Y3 since the complex structure
is fixed by the choice of the holomorphic threeform 2. In terms of a symplectic basis
{ay, BAY € H3(Y;) with A = 0,. .., h%!, the holomorphic threeform (2 is

Q:XACKA—FAﬂA:(CKA,BA)"/Q, (217)

where V' = (XA, —F). The periods X" span projective coordinates on the complex
structure moduli space. Fixing the projective freedom can be done by introducing 2% =
X/ X% wherea = 1,...,h"2 Since the other coefficients F} can be computed as derivatives
of a prepotential F = dF/0X*, the complex structure is completely characterized by the
position on the manifold spanned by the z*. Using the period matrix N (see e.g. the
appendix of chapter 14 in [9]) one can build the matrix

1 ReN\ [=ImA 0 1 0
Ml:(o 1 )( 0 —Im/\f‘1> <ReN 11)7 (2.1.8)

that we only state for later reference. For the even cohomology of the Calabi-Yau we
introduce the basis

{wa} ={1,wa} and {0} ={Ld" o}, A=0,... 2" (2.1.9)

where V is the volume of the Calabi-Yau. {wa} € H"!(Y3) is a basis of the two-forms while
{o"} € H*?(Y3) is a basis of the four-forms. Therefore the index A runs from 1,..., htL.

The second class of Ricci-flatness preserving deformations is called Kéhler deformation.
These deformations parametrize the size of the two-cycles and can therefore be collected
into a two-form, the Kahler form J. We can expand J and the internal part of the Kalb-
Ramond field B;; into the above basis

J =trwa, B =V w,. (2.1.10)
Together they form the complexified Kahler form J = B + i.J appearing in

e = el = (wa, o) Vi, (2.1.11)
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where V] is

1
A
v = énABcg“JBJC . (2.1.12)
AN
kagc is the triple intersection number kKagc = fy3 wa A wp A we. The complexified Kahler
form J contributes complex scalars in 4D. Further NS-NS scalars are the dilaton ¢ and
the Hodge dual ¢ of the Kalb-Ramond field B
Using the period matrix of the Kéhler sector we can built a similar matrix as
that we call M.

Ramond-Ramond sector

In the following we will discuss the massless 4D fields from the R-R-sector. Let us start
with the scalars. There is a single scalar from the Cy form and another scalar from the
Hodge dual of (C3),,. The two-form C5 contributes further scalars from the components
(Cs);5. The self-dual four-form gives scalars by Hodge dualizing (C§P),,;; into scalars.
Having the dualization in mind one can summarize all the scalars from the R-R-forms as

C :50—|—£AC«JA+§AO'A+50(,U0: (wA, O’A) S=. (2.1.13)

scal.
The democratic formulation C = Cy + Cy + Cy + Cg is used here and the (2R + 2)-
dimensional vector = contains the R-R axions =7 = (¢4, &,).
The R-R-sector contributes vectors by putting the self-dual four-form C$P on three-

cycles (C5P) ijks (C3°) ijis (CF°) gk and (CFP) 5% Expansion into the above basis yields

Cy = Alay + Ayt (2.1.14)

where (A, A) are the four-dimensional vector fields. Only half of them are actually inde-
pendent due to the self-duality of the four-form. As such there are only hb! 4 1 vectors
from the R-R-sector.

Summary

To summarize, the bosonic massless spectrum of type IIB on a Calabi-Yau and their 10D
origin is

o —"la e o s B g
gl - - - - - 1
2-Form/Scalar | - 1 htt -1 -
Vector | - - RM4+1 - - -

Scalar | 1 AU - 1AM (hg' +2hE3)
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The N = 2 massless multiplets have the following particle content

massless N = 2 gravity Gy =1-[2]+2-[2]+1-[1] = (2)p + (1) + (s,
massless N = 2 vector Vo) =1-1]4+2-[3]4+2-[0] = (2)p + (4)¢ + (2)p, (2.1.15)
massless N' = 2 hyper Hiy=2-[2]+4-10] =4+ (4)p -

The first equality states the number of particles of each spin, while the second equal-
ity counts the fermionic and bosonic degrees of freedom of each spin. The massless 11B
spectrum in 4D falls into the A/ = 2 multiplets as follows

massless N = 2 gravity Go D (9w, A%,
massless N = 2 vector Vi) D (A%, 27), (2.1.16)
9 S (o 1.
massless AV = 2 hyper @ 2 & )
HiE D (¢, ¢, &, 50)

The 4D IIB spectrum has Ny = h'? vector multiplets and Ny = h%! + 1 hypermultiplets
next to the obligatory supergravity multiplet.

The scalars of the vector multiplets z* are the coordinates on a special Kahler manifold.
The 4(h*! 4 1) scalars of the hypermultiplets are the coordinates of a special quaternionic
Kahler manifold that has a fibration structure in which the base is spanned by the complex
Kihler moduli J* that form a special Kahler manifold.

2.2 Conformal field theory

This section starts with a small review about partition functions and related topics like
characters or modular invariance. Then we will shortly recap Kac-Moody algebras and
present selected conformal field theories that we need later as building blocks for Gepner
models.

2.2.1 Partition functions and related topics

The one-loop diagram of a closed string theory is a worldsheet with one hole, a torus.
Computing quantum corrections is therefore done by looking at conformal field theories on
a torus. Similar to quantum field theory also in string theory every particle can run in the
loop. The probability for a particle to run in a loop is given by a Boltzmann factor. This
notion gives rise to the partition function

2(7_7 7,_) _ TI"’H (6—27rH Im(T) €+2ﬂ—P ReT) — TI"H ((]LO_Q% qio—%> . (221)

Since in closed string theory the target space fields are combinations of left- and right-
movers, the partition function connects left- and right-movers. The trace runs over the
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whole Hilbert-space of the conformal field theory reflecting that all particles can run in a
loop. Lg are the zero modes of the Virasoro-algebra

C
[Lon, Ln) = (m —n) Lypin + E(m?’ — M) Smtno (2.2.2)

that generate conformal transformations. The zero modes Ly & Lo generate translations
in time and space and the eigenvalue of Lj is the conformal dimension h of the state. The
energy is H = Lo+Lo— &E where the central charge term c, ¢ is a normal ordering constant.
In contrast to the quantum field theory case also a term with the momentum —iP = Lo— Lg
appears in the exponent of the partition function since the string worldsheet is spread over
both time and space. When expanding the partition function according to the energy, one
can read off the number of states at each energy level E by looking at the coefficient of
the exponential e~2# ™) In particular, massless states must have h = 53 and appear as
constant piece in the expansion. Usually one expands only sectors of the partition function,
since bosons and fermions contribute with a different sign to the partition function such

that in target space supersymmetric theories Z = 0.

Modular invariance

The complex parameter 7 with Im(7) > 0 appearing in ¢ = €™ parametrizes the complex
structure of the torus ZL%. To be well defined in string theory the partition function

(2.2.1) has to be invariant under the global diffeomorphism of the torus that are the
modular transformations

b

SL(2,Z)|Zs: T — —— J

) € SL(2,Z)]Zs . (2.2.3)
The generators of this group are the modular transformations

1
ST —>—= and T:7—=1+T. (2.2.4)
T

The torus partition function and therefore the possibilities to combine left- and right-
movers is highly constrained by modular invariance. Finding and classifying non-trivial
partition functions is a hard task and has only been achieved in special cases.

In quantum field theory a momentum variable parametrizes the loop and to get the
amplitude one has to integrate over the momentum. In string theory the parameter 7 takes
a similar role as the momentum such that for a full amplitude we have to integrate over
7. For instance the vacuum amplitude is fT Iiz(;)Z (1,7) where the Im7 factor guarantees
modular invariance of the measure and T is the space of inequivalent 7 which is the
Teichmiiller space. Since T" excludes the unit circle around the origin, this integral is finite
reflecting the UV-finiteness of string theory. Furthermore, notice that the integration over
Rer yields a delta function enforcing level matching Ly — Lo = 0.
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Highest weights and conformal families

The spectrum of a conformal field theory can be characterized by stating the highest weights
|¢;) of the theory. These states are annihilated by every single annihilation operators

L,|¢i) =0,  for  n>0, Lo|h) = hi|¢;) . (2.2.5)

The vacuum is always a highest weight and usually denoted by ¢ = 0. All other states can
be constructed from the highest weight by applying the creation operator of the symmetry
algebra, e.g.

9y, Lalgi), Loalés), L-aLalgi),.... (2.2.6)

These states form the conformal family [¢;]. By the operator-state correspondence the
descendants of ¢; correspond to the field ¢;, its derivatives and normal ordered products
of ¢; together with the energy-momentum tensor.

Characters, the modular S-matrix and the Verlinde formula

Since the highest weights define separate sectors of the theory one can split the partition
function into the contribution of the different highest weights. The contribution of a highest
weight defines the character

Xi = tra, (q™072) . (2.2.7)

The trace runs only over the left-moving Hilbert space H; that is associated to the high-
est weight with index 4, therefore the whole conformal family [¢;]. Under a modular

T-transformation the character is multiplied with a phase 627”‘(}”_2*64) while under a modu-
lar S-transformation the characters of the different highest weights mix. This mixing can
be parametrized by the modular S-matrix in the following form

Xi (—%) = Six; (7). (2.2.8)

The modular S-matrix is usually symmetric, unitary and squares to the charge conjugation
matrix.

When computing the OPE of a field in [¢;] with a field in [¢;] one finds that only the
fields of some conformal families appear. This gives rise to the fusion algebra

[6i] % [03] = N [¢4], (2.2.9)

that schematically captures which conformal families appear in each others OPEs. One
of the deepest results of conformal field theory is the Verlinde formula. It states that the
fusion coefficients NJ; can be expressed in terms of the modular S-matrix as

SimSmS:
k imimPmk
NE=) g (2.2.10)

m
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where the sum runs over all highest weights and 0 labels the vacuum highest weight.
This formula connects tree-level (sphere) and one-loop (torus) amplitudes in an intriguing
manner.

In terms of the characters (2.2.7)) the partition function (2.2.1) can be written as
Z(7,7) = xa(7) My X;(7) - (2.2.11)

The matrix M collects how the highest weights from the left and the right are combined to

target space fields. To guarantee modular invariance we infer [M, S| = 0. Finding a non-
trivial M # 1 with [M, S]=01is a hard task. Invariance under the modular T-transformation
is guaranteed if

hi—h; € Z (2.2.12)

together with ¢ = ¢.

2.2.2 Kac-Moody algebra

Most theories we will review in the following have a Kac-Moody symmetry. These algebras
capture, that the algebra of the currents J* generating the symmetry may have a central
extension from normal ordering. The modes j¢ of the Kac-Moody algebra g; at level k
obey

(i Jn] = 1 G + kM S0 67 (2.2.13)

where the f%¢ are the structure constants of the underlying Lie algebra g. One can define
an energy momentum tensor according to Sugawara’s construction

1
T(z) = 2(k + Cy)

where N(...) denotes the normal ordering and Cj is the dual coxeter number of g. One
can expand 7'(z) into

N(J*J%)(2), (2.2.14)

T(x)=) =" "Ln. (2.2.15)

n

where the modes L,, are

Ly = k:—i—C (Z Jdn—1+ Z]n l]l) ; (2.2.16)

1<-1 >-1

since the normal ordering places annhihilation operators to the right. Using the Kac-
Moody algebra of the currents one can show that the modes L,, obey the Virasoro-algebra
(2.2.2). Furthermore the commutator

[Lins Jo] = =10 i (2.2.17)
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reveals that the currents have conformal dimension one. For the central charge of the CFT
one finds

_ kdimg
k+ Gy

c (2.2.18)

where dim g is the dimension of the Lie algebra g.

2.2.3 50(N); and the bosonic string map

When looking at string theory on a space with 10 — D compact internal directions, the
remaining external directions have a SO(D — 1,1) Lorentz symmetry. The usage of light-
cone gauge effectively eliminates two dimensions and the massless states transform under
the little group SO(D —2). To describe the external directions from the worldsheet point
of view we need N = D — 2 free bosons and their superpartners, N = D — 2 free fermions
transforming in the vector representation of SO(N). The CFT for the N fermions is the
$0(N); CFT that must have central charge ¢ = N/2 due to the field content. This central
charge is consistent with when inserting Cy = N — 2 and dim g = 3N (N — 1).

Having fermions we have two separate sectors, the NS and the R sector. Both, the
R and the NS sector can further be split into states with even and odd fermion number.
The resulting four sectors correspond to the four highest weights of the theory. The first
NS highest weight is the true vacuum whose sector we name O. The second NS highest
weight is 0" | /2|O>. Due to its transformation behavior this sector is called vector V. In
the R sector we have zero modes satisfying the Clifford algebra such that the groundstate
is degenerate and transforms as a spinor. The fermion number translates into the chirality
that distinguishes the two subsectors of the Ramond sector. We name these two sectors
the spinor S and antispinor C'.

In the following we only have D = 4,6, 8 non-compact directions thus even N = 2n.
Let us present a collection of the relevant properties of §0(2n);.

character h g mod 2 degeneracy
- 9: n 0 n
HEE) [
05)" 01)"

(@)
e |
_ 9. \" 01 " n n n—

W@ | 2 e e

(2.2.19)

Here O, V., S, C denote the characters of the four highest weights and 6 are the Jacobi theta
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functions. The modular S-matrix of the §0(2n); theory is

1 1 1
~ 1 -1 -1
Gon — Z 2.2.20
1 -1 7 —" ( )
1 -1 —g ™ 4
Using the Verlinde formula (2.2.10f) the fusion rules are
nodd|o v s ¢ neven| o v s ¢
o o v S ¢ 0 o v S8 ¢
) v 0 ¢ S v v o ¢ S8
s s ¢ v o s s ¢ o w
c c s o v c c s v o.
(2.2.21)

The bosonic string map

$0(2n); describes 2n fermions that we can bosonize into n free bosons on a circle of radius
R = v/2/. This suggests that we can take a partition function of a fermionic string and
turn it into a bosonic string partition function.

There are two major problems. The first one is the mismatch in the central charge. A
conformal field theory in bosonic string theory has ¢ = 24 while a conformal field theory for
a fermionic string has ¢ = 12. We have to find an additional ingredient that accounts for
the Ac = 12. The second problem is that the mapping has to preserve modular invariance.

When looking at the modular S-matrix of §0(2n); in (2.2.20)) we see that it is invariant
under n — n + 4. This suggests that we map the characters of §6(D — 2); onto the
characters of §0(D +22);. In this way both the central charge is taken care of and modular
invariance is preserved. The only obstacle is that the conformal dimension| of the R states
shifts by 3/2 under the mapping §0(D — 2); +> §0(D + 22); while the NS states keep their
conformal dimension. The level matching condition of modular T-invariance h;, — hr € Z
is therefore broken for R ® NS and NS ® R states. This can be cured by mapping the
characters O and V' onto each other, since their conformal dimension differs by 1/2. When
interchanging O and V' the S-matrix is only invariant if we simultaneously interchange the
characters (S, C) with either (—C, —S) or (=S, —C). Notice that both choices (—C, —5)
or (=S, —C) are connected by charge conjugation. Since a charge conjugation interchanges
ITA and IIB, starting with a bosonic partition function we can arrive both at a IIA and a
IIB partition function. For IIB we take the same convention for both sides while for ITA
we have to use different choices for the left- and right-movers. Since a charge conjugation
is easy to apply in the CFTs we are looking at, we can stick to one choice and apply charge

Isee (2.2.19)
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conjugation afterwards. In the following we will take the choice (S,C) <> (—=C,—S). A
practical reason for this is that we assign a number sy = (0,2, —1,1) to each of the four
characters (0,V,S,C).The mapping then amounts to sy — so + 2 mod 4 which is easy to
realize in a computer program.

To summarize, we have a map called bosonic string map which maps a fermionic string
partition function onto a bosonic string partition function via

Drsm(0,V,S,C) € 50(D —2), — (V,0,-C,-S)®1 € s0(D + 22); . (2.2.22)

where O,V,S,C' denote the characters . When applying the bosonic string map
onto only say the right-movers we get a heterotic string partition function that descents
from the SO(32) heterotic string.

By the same arguments as above, a similarly looking map maps the characters of
$0(D — 2); +» 50(D + 6); onto each other without spoiling modular invariance. But then
we have to find another explanation where the remaining 8 units of central charge are
coming from. The solution lies in the other heterotic string theory, the Eg x Eg heterotic
string. Noticing that SO(D+6) is a subgroup of Eg, the missing ¢ = 8 can be attributed to
the 8 free bosons on the root lattice of the other Eg factor in the Eg x Fg heterotic string.
This is consistent since (s); has only a singlet representation with conformal dimension 0.
Therefore the additional (¢g); factor does not change the way the states are mapped onto
each other but can cure the mismatch in the central charges. The second bosonic string
map is

brem(0,V,8,C) € §0(D —2); — (V,0,—C,—S) @1 € 50(D +6); ® (8s)1.  (2.2.23)

There are therefore two consistent bosonic string maps. The choice of bosonic string map
is only relevant when looking at massive states or when constructing heterotic partition
functions. Since we only consider the massless type IIB spectrum we in principle do not
have to specify which one we take. In our computer programs we decided to work with the
$0(D —2); = 50(D +6); ® (¢g); bosonic string map.

Target space interpretation

The $0(D — 2); theory is the CFT of the uncompactified directions. Being the little group,
the transformation behavior under this symmetry tells us about the particle interpretation
from the D-dimensional viewpoint. In closed string theory every state combines a left- and
right-moving §0(D — 2); state. In the following we will state which target space particle
appears for every combination of the §0(D —2); highest weights. We will restrict ourselves
to massless modes. Universal in all dimensions is

VeV = gw+Buw+D,
VeOo — A, (2.2.24)
00 — ¢,
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where g is the metric, B is the Kalb-Ramond field, D is the dilaton. ¢ is a real scalar
while A, is a vector. Using one can check that the number of degrees of freedom
is correct. All other tensor products involve the spinorial degrees of freedom and their
decomposition depends on the number of non-compact directions. The target space fields
can be recovered either by group theory or more easily by counting the degrees of freedom

and following the fusion rules (2.2.21)).

In case of four non-compact dimensions D = 4 we find
D=4: SeC — ¢,

_ - 1 (2.2.25)

where %V denotes one of the two degrees of freedom of a massless vector in four dimensions.
In six non-compact dimensions D = 6 one finds

D=6: SeC — A,

S el 2.2.26
S®S, CoC — ¢+TWsP, ( )

where T, F(L,/})SD denotes a self-dual or anti-self-dual two-form with three degrees of freedom
characteristic for chiral 6D theories. An important fact is that in chiral theories the ten-
sors that are part of tensor multiplets must either all be self-dual or all be anti-self-dual.
Accordingly the B field from has to be split into a self-dual and an anti-self-dual
part. The part that has the same chirality as the remaining tensors forms another tensor
multiplet, while the other part will be part of the supergravity multiplet. Finally in 8D we
have

D=28: SC — o+ Cpu,
_ _ (2.2.27)
S®S, CoC — A,+3C.,.
2.2.4 A free boson on a circle of radius R = v2k
The partition function of a free boson on a circle of radius R is
_ 1 1(mBn)\2 _1(m_Rn)?
Zeive (T,7) = PEIE Z q2(R+ %) qz(R &) . (2.2.28)
m,ne’
m is the quantized momentum along the circle, n is the winding number, ¢ = ¢*™" and

n(7) is the Dedekind n function. For the special values R = v/2k this theory is called

u(1) kE| As it turns out, for these special values of the radius the partition function can be

written in terms of characters ng)

k
_ 2 ) 1
Zi, () = D P with ¥ = —— 0,.4(q) (2.2.29)
m=—Fk+1 n(7)

2Speaking of a level does not make sense for abelian algebras since the level can be chosen arbitrarily
by a rescaling of the generators. One should therefore rather see the name as a definition of the theory.
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labeled by an integer charge
m=—-k+1,...,k. (2.2.30)

The capital © functions are
_ kn?
Omi()= Y " . (2.2.31)
n€Z+gr
The highest weight of each character has conformal dimension

2
pk) = M 2.2.32
™o 4k ( )
which can be seen by expanding (1) ~ ¢ 2 + ... and comparing this with the definition
of a character (2.2.7) due to the central charge being ¢ = 1. The modular S-matrix for

these characters is found to be

1 mm/’
Smm = ——exp | —7i ) 2.2.33
™2k p( K > (2.2.33)

2.2.5 The su(2); Kac-Moody algebra

Another important building block we need later is the su(2); theory. The structure coeffi-
cents in (2.2.13)) are the ones of su(2), % = /2% where € is the purely antisymmetric
tensor in three dimensions, therefore dimg = 3 and the dual Coxeter number is Cyj = 2.

The central charge is according to (|2.2.18))

3k
k427

Let us look at the highest weight states of this CFT. The Cartan subalgebra consists of
Lo and j3. A highest weight has therefore two quantum numbers |h, ¢), the conformal
dimension h and the charge defined by j’g|h, q) = q|h,q). For convenience we defined
jé = % Js. The jé form an su(2) subalgebra whose representation theory is well known
from quantum mechanics. Unitary highest weights representations with a certain conformal
dimension have a spin % labeled by a positive integer [ € Ny. The spin in the 2z direction
is labeled by another number o € 0, ..., [ stating how often we went down the ladder from
the highest state. With every step in the ladder the charges decreases by two such that
the charge of a state is ¢ = [ — 2a. For the conformal dimension one finds

[(l+2)
4k+2)
The values of k and [ are further constrained since there are more su(2) subalgebras hidden

in the Kac-Moody algebra. For them to have integer eigenvalues and to guarantee non-
negative norm states one has to demand

(2.2.34)

Csu(2)y,

h= (2.2.35)

kez* and 0<I<k. (2.2.36)
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Having the highest weights let us state their characters. It is useful to define generalized
characters that sort each state not only with respect to their conformal dimension but also
according to their charge

X (7, 2) = iy, (qLO‘i 6‘2””53) . (2.2.37)

The result can be computed using the Weyl-Kac character formula [10]

(k) @z+1,k+2(7'7 Z) - @—1—1,k+2(77 Z)
, 2.2.38
Xl ( ) @172(7', Z) — @,172(7', Z) ( )

where the generalized © functions are defined by

—2minkz
Ouel(r,2) = > " e ' (2.2.39)

n€Z+2k

In the definition (2.2.37)) one can infer that for z = 0 the generalized © functions become
the usual © functions and one should recover the usual characters appearing in
the partition function. But this is not possible in (2.2.38) which would render the fraction
ill defined. Therefore, one rather has to take the limit z — 0. The form is in
particular useful to determine the modular S-matrix for which one finds

S — \/gs' <k+2 I+ 1)+ 1)) . (2.2.40)

Using the Verlinde formula the fusion rules are

Nllfb =1for |l —ls] <l3 <min(ly + ls,2k — Iy — I3) and l; + I + I3 even

2.2.41
Nzlflg =0 else. ( )

These coefficients are consistent with spin addition. It is remarkable that for su(2); a
full classification of modular invariant partition functions exists. The classification follows
an ADE scheme. An explanation will be provided later in [2.6.2] when we connect this
classification to the ADE classification of singularities, which can in turn be connected to
the ADE classification of Lie-groups by the IIA /heterotic duality. The classification is
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Level Z Name

k=n >oio al? Appr,n>1
k=4n S0 I + Xe—2|® + 2| xks2)? Dapyo,n =1
k=4n+2 ZZ% x| + 21220_2 X21+1Xk—21—1 Dopy1,n > 2
k=10 X0 + x6l* + Ixs + x7* + [xa + X210/ Es

k=16 D06 Xi X161+ (x2 + x14)Xs + Xs(Xo + X1a) + [xs* | Er

k=28 | 21:0,10,18,28 xil* + | Zl:6,12,16,22 xil? Es

(2.2.42)

Let us establish a relationship between the su(2); and the (1), theories from section
Taking a free boson ¢ on a circle of radius R = \/Li’ the vertex operators Vi = e*V2X are
currents since they have conformal dimension one. Together with the usual current j = i 0¢
they form an su(2); Kac-Moody algebra. On the other hand this theory can be T-dualized
to radius R’ = /2 which is the %(1); theory. The equivalence of the s1(2); and %(1); can
be checked by comparing the spectrum and indeed, both have exactly two highest weight
states of conformal dimension 0 and i.

Computing the partition function of this theory would be hard in the su(2); theory due
to the complicated Weyl-Kac character formula (2.2.37). But for the dual u(1); the more

tractable formula ([2.2.29)) tells us

1

Z2(1,7) = ——
e
As it turns out we can in general express the character (2.2.37) of the su(2); theory in

terms of the © functions. Indeed, there is an expansion [I1]

) = > Cim(T) Oui(7) (2.2.44)

m=—k+1,....,k and [4+m even

00,11 +101.1)) . (2.2.43)

where the C’l(”:r)L (7) are called string functions. In this expansion the string functions 01(72(7')
encode how the 1(1); theory is embedded into the 5u(2); theory. In the above example
(2.2.43) they were constant but for higher £ they are not. They are explicitly computed in
[11].

2.3 Simple currents

Let us introduce a systematic method to find off-diagonal modular invariant partition
functions using special fields called simple currents. This technique was developed by
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Schellekens and Yankielowicz in [12]. Simple currents J, are defined by their particular
simple fusion rules. The fusion product of a simple current with any other primary must
result in exactly one primary

[Ja] % (0] = [ds)] - (2.3.1)

Actually, most theories have simple currents. For instance looking back at the fusion rules
of the §0(2n); theory in we see that any highest weight of this theory is in fact a
simple current. By associativity, the product of two simple currents is a simple current as
well. Assuming a finite amount of primaries in our theory there must exist a number N,
for which JN« = 1. We will denote the number N, as the length of the simple current. The
simple currents {.J,, J2,..., JNa} form a finite abelian subgroup Zy;, of the fusion algebra
and there exists a fusion inverse of every simple current (J?)~' = JMa=". Consequently,
every simple current groups the conformal primaries into orbits of length N

(i, Ju X i, J2 X g, JVa™ i} (2.3.2)

Since JMa = 1, the length of the i-th orbit A must be a divisor of A,. Translating the
fusion rule (2.3.1)) of a simple current into an OPE results in

@0 (W)

Ja(z>¢i(w) X Q(-a> + desc. ) (233)

(2 —w)

where Q) is called monodromy charge. The name is chosen since @ mod 1 denotes
the monodromy e=2mQ" when circling the simple current around the primary (z — w) —
e*™(z — w). By applying J,(2) onto the last formula until J~* = 1 appears shows

g 1 <
QW = AF mod 1, t e, (2.3.4)

a

since the monodromy of the identity is Q(()a) = 0 mod 1. Probably the easiest way to
compute the monodromy charge uses the formula

Q' = h(¢:) + h(Ja) — h(Ja X ¢;) mod 1 . (2.3.5)
Repeating the same steps that lead to ([2.3.4)) for the OPE of simple currents one finds

Ju(2) (W) ox ng + desc. . (2.3.6)

(z — w)Na

For simple currents we give the parameter ¢! the special letter r, and its own name, the
monodromy parameter. To compute the monodromy parameter r, we deduce from ([2.3.6)

Ta

2hy = hye
Ja Ja+Na

mod 1, (2.3.7)
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and by iteration

n(n—1
hjn = Ta(QTa) +nhy, mod 1. (2.3.8)
Using hJéV“ = h; = 0 mod 1 results in
a—1
hj, = ra'/\gNa mod 1. (2.3.9)

This relation was used in our computer programs to compute the monodromy parameter
r, for a simple current. Notice that 7, must be defined modulo N, for odd N, while
for even N, we must have r, modulo 2N, to cover all cases. When r, is known, one
can also deduce a relation for the monodromy charge of the field J'¢; that appears in
the OPE J,(z1) ... Ju(2n)¢i(w). Recall that the monodromy charge denotes the mon-
odromy when going around the primary of interest with the simple current, therefore for
Ja(21) ... Ju(2n)¢i(w) a monodromy encircling all z; and w. By deforming the contour the
full monodromy must be the sum of each of the individual monodromies. Using this we
compute

. ti +ryn

Ne

As a corollary we find that if the simple current has integral conformal dimension, thus
r, = 0, every primary in an orbit has the same monodromy charge. Such simple currents
are called orbit simple currents.

With all this machinery established let us come to the key observation by looking at a
generic OPE between two primaries

bi(2)pj(w) = Z cf](z — w)Mhimhi gy (w) + desc. . (2.3.11)

k

QU (i) = QW (i) +n QW (J,) mod 1. (2.3.10)

Taking a monodromy with respect to a simple current J, on both sides one finds

Q(0:) + QW () = Q" (¢y) . (2.3.12)

Therefore the monodromy charge is actually a conserved quantity. When modding out this
symmetry by an orbifold-like procedure with twist 2miQ+Ql; )), we get a new partition

function. In the seminal paper [12] the authors use this twist very explicitly. Here we
directly state the matrix M appearing in the partition function (2.2.11))

Z(Tv ?) = Xi (T)Mij Yj (F) (2.3.13)

that for a simple current .J, reads

Na
(M (T =Y 0w, T2 x ¢n) 6N (Q (1) + Q(JE x ¢1)) (2.3.14)
p=1
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where Q(“)(gbi) is half the monodromy charge

. t
O (JPg;) = 2}“’ mod 1, (2.3.15)

and 0 is a delta function modulo one. The delta function can also be written as

5 (Q(qﬁk) + 2;6&) , (2.3.16)

where p denotes the power of the simple currents acting on ¢5. An important obstruction
is that the proof of modular invariance of the partition function relies on r, being even.
Since r, is defined modulo N, or 2N, one can choose 7, to be even except when N, is even
and r, is odd.

Roughly speaking, the matrix M, in (2.3.14]) induces a partition function that connects
a left-moving primary to its whole right-moving orbit if the monodromy charges add up to
an integer. For instance, for orbit simple currents with h;, = 0 where r, = 0 the partition
function is of the form

Z= IXe+Xspt+Xova1ol (2.3.17)
Orbits

The sum is understood to run over all orbits in which the monodromy charge is an integer.
The partition function of orbit simple currents contains only perfect squares such that it
is left-right symmetric.

Modular invariance is not spoiled when using more than one simple current in a partition
function

Z XM M () ... X(F), (2.3.18)

where we neglected a normalization constant to have a unique vacuum. In general the
matrices of different simple currents do not commute making the order of the matrices
very important. But there is a criterion to guarantee commutativity. The matrices M (.J;)
and M (Jy) commute if and only if the simple currents J; and J, are relatively local. This
property can be translated into a vanishing relative monodromy charge Q'(.J;) = Q*(J;) =
0.

Examples

Looking back at the classification of modular invariants of s1(2); one recognizes
in the form of the Dy, invariant. In the following we will recover the D partition
function of su(2), with even k using the simple current technique. In a first step let us
classify the simple currents of §1(2);. Playing around with the fusion coefficients of s1(2),

(2.2.41)), one sees that the inequality

|l1 — l2| S lg S min(h + lQ, 2k — ll - lg) (2319)
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becomes I3 = k — Iy for [y = k since | < k. For ly,ly # k the inequality is satisfied for
more than one value of [3. Therefore, there is one non-trivial simple current J = (k) in the
su(2),, theory besides the trivial one with [ = 0 being the identity. The simple current J
has length N' = 2 and using the conformal dimension is h; = %.

Let us start with & = 4n since then h;y =1 = 0 mod 1 and therefore » = 0. The orbits
are {¢y, or—;} and the monodromy charge is

Q) = = (2.3.20)

thus ) = 0 mod 1 for even [ and () = % mod 1 for odd [. Due to (2.3.16) we may only
have integer monodromy charge and every primary in an orbit is connected to any other
primary in that orbit. The partition function is therefore

n—1

Z =" o + Xl + 2lx2l? (2.3.21)
=0

Notice that the £ orbit is {Xy/2, xx/2} since the simple current acts as identity on the
primary with [ = g Summing over the fields in the g orbit produces the same character
Xk/2 twice. To capture the factor of two, the x;/» character is excluded from the sum. We
found the partition function of the Dsy, o series (2.2.42]).

|

Next we look at k = 4n—2 where the conformal dimension of the simple current J = (k)
is hy=n—41=1mod 1. Using (2.3.9) the monodromy parameter is now r = 2 while the

monodromy charge is still Q(l) = % Recall ([2.3.16))

5 (Q(gbk) + 2;\2;&) , (2.3.22)

where p denotes the amount of simple currents acting on the primary, thus p = 0,1. For
even [ where (); = 0 mod 1 the delta function vanishes unless p = 0. In words, a field with
even [ can only be coupled to itself and not to the other field in the orbit for which p = 1.
In contrast for odd [ where ); = 1/2 we need p = 1. Therefore an odd field can be coupled
only to its partner in the orbit. The partition function is

k/2 2n—2

Z = Z |X2l|2 + Z X21+1Xk—21—1 5 (2.3.23)
1=0 1=0

This is the Dy, 1 invariant .

Let us see what happens for odd k. There h; = 122" giving an odd r = 1 4+ 2n. Since
N is even we cannot use the modulo relation of r which is r = r mod 4 to get an even
r. The simple current technique does therefore not lead to a new modular invariant. To
conclude, for even k£ the only non-trivial simple current [ = k reproduces the D invariant.
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2.4 N =2 superconformal field theories

This section will review the salient features of N = 2 superconformal field theories (SCFTs)
[13, 14, 15]. Since this is textbook standard ([8, @]) we will be brief and stick to those
features relevant later.

Algebra

The conformal enhancement of the supergravity multiplet consists of the energy momentum
tensor T'(z) with its modes L,,, two fermionic supercurrents G*(z) with their modes G,
where the real paramater a is a € Z for the R sector while a € Z + % for the NS sector,

and a current J(z) with modes j,,,. The modes satisfy the N = 2 superconformal algebra

Ly L] = (1 = 1) Ly + = (m® = m) 6pnn

12
[Lmujn] = =N Jmtn
+ m +
[Lm? Gnia] = (5 —n+ a) Gm+nia )
. . &

[]ma]n] = g m 5m+n,0 ) (241)

[jm; G}Lﬂ:a] = iGi—&—n:l:a )
) c 1
{G:—&—m Gria} =2 Loy + (M —n+2a) Jimin + 3 ((m + a)2 - Z) Omtn0

{G*,G*} =0.

We infer that the quasi-primary 7'(z) has conformal dimension 2, the primaries G*(z)
have conformal dimension 3/2 and the primary J(z) has conformal dimension 1. The
current J(z) satisfies a 1(1) Kac-Moody algebra which we recognize as R-symmetry, since
the supercurrents G* have charge 1. In the following, states |h,q) are labeled by their
conformal dimension h and their u(1) charge ¢ that are the eigenvalues of |h, ¢) with respect
to the cartan subalgebra Ly and jy. The definition of highest weight states must be
adjusted to the enlarged symmetry algebra as follows:

GElh,q) =0, forn>0, (2.4.2)

from which similar statements for L, and j, follow by use of the algebra (2.4.1). Using
unitarity, 0 < |Gg |k, ¢)|?, the bound

c
hr > — 24.3
RZ 50 (2.4.3)
can be derived for states in the Ramond sector. We recognize states saturating this bound
as the Ramond groundstates.
In a similar fashion we can derive from 0 < ]Gj_tl/2|h, q)|* the bound

2h > |q| (2.4.4)



2.4 N = 2 superconformal field theories 29

for states in the NS sector. States saturate this bound if and only if they are annihilated

by the supercurrent ijl /2

GEy )y |h==%q/2) = 0. (2.4.5)

Clearly the vacuum satisfies this equation. This equation and the bound 2h > |g| suggest
that we found the conformal analogue of short multiplets, the BPS states. We will call
states chiral and antichiral depending on whether they are annihilated by GT, /o OF G, s

Using 0 < |G%, salh, q)|? one finds another bound for NS chiral primaries
6h < c. (2.4.6)

The (anti)chiral fields close under fusion, and their OPE is non-singular as can be seen
by dimensional analysis. As such the (anti)chiral fields define a multiplicative ring, called
chiral ring or antichiral ring. When left- and right-movers are combined there are in total
four rings that we call the (a,a), (c,a), (a,c) and the (c,c) ring.

For any state in the NS sector there is a unique orthogonal decomposition

|6) = |o) + GL, j5lé1) + GZ, pl¢2) (2.4.7)

where |¢g) is a chiral primary while |¢1) and |¢9) are not. This relation can be interpreted
as the worldsheet analogue of the Hodge decomposition of forms ([2.1.5), when writing the
Hodge decomposition in complex coordinates. The Gfl , and G~ /o Are the analogues of
the holomorphic derivatives 9, 9* from the worldsheet point of view. For the right-moving
counterparts we identify (oppositely) G_, /2 and Efl /2 with the antiholomorphic derivatives

9,0 . The anticommutator {G7, /o> G;/Q} is then related to the internal Laplacian Ay =
Az = A (2.1.4). Most importantly the chiral fields are on equal footing as harmonic forms
and are therefore directly related to the topology, the non-trivially closed cycles.

In case of a Calabi-Yau threefold Y3 we find the following relation: The Kahler moduli,
being elements of H'(Y3), correspond to the (a,c) and (c,a) primaries while the com-
plex structure moduli, being elements of H'?(Y3), correspond to the (c,c) and the (a,a)
primaries.

The chiral ring, spectral flow and spacetime supersymmetry

In any N = 2 SCFT there exists an automorphism of the algebra induced by the generators
U, called spectral flow operator [I6, I7] where n € R is a real parameter. U, acts on an
operator as L = UanUn_1 and on states as |h,, ¢,) = Uy|h, ¢). The transformed operators
are

C
L?n :Lm+njm+6772 (Sm,[)a
+ +
Gnmia - Gm:t(a+77) ) (248)
. . C
o = Jm + 5 10mo0,

3
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and still satisfy the N = 2 superconformal algebra. As such, any choice of a and therefore
also the R and the NS sector are connected by the spectral flow. Since the Cartan subal-
gebra generated by jo and Ly maps onto each other without changing the moding, we can
express the transformed quantities ¢, and h,, in terms of the original ones

c n?
In=4q— 31, hy=h—nq+ —c. (2.4.9)
3 6
In contrast, notice that in general it does not make sense to act with an untransformed G+
on a transformed state |h,, g,) for general n since the moding of G* is changed by spectral
flow.

By acting with U 1 onto (anti)chiral primaries from the NS sector with 2h = ¢ one sees
that every (anti)chiral primary is mapped onto a Ramond groundstate saturating 24h = c.
As such the R groundstate is degenerate and the degeneracy is counted by the (anti)-chiral
primaries in the NS sector.

For n = 1 the NS sector is mapped onto the NS sector itself. A closer inspection reveals
that the chiral and the antichiral fields are exchanged and therefore equivalent. This can
also be deduced from the fact that both, chiral and antichiral fields, can be mapped to the
R groundstates.

For n = —1 the chiral sector is mapped onto itself. In particular the true vacuum |0, 0)
is mapped onto a state with 6~ = c and vice versa. Recalling that any chiral primary has
to obey 6h < ¢ together with the uniqueness of the vacuum implies

Exactly one chiral NS field saturates the inequality 6h < ¢ (2.4.10)

From the knowledge of the chiral ring one can therefore directly read off the central charge
of the theory.
Let us find a representation of U,,. First, bosonize the U(1) current as

J(z) = \/§a¢, (2.4.11)

such that any state ®,; with charge (¢, g) has the form

®yg = exp (@\/g (g0 —39) ) -0, (2.4.12)

where O is some operator with zero charge. In this representation the left- and right-moving
spectral flow operators are

U, = ¢5e. U, = o—i/56 (2.4.13)

Let us discuss the relation of the spectral flow automorphism to spacetime supersymmetry.
Spacetime bosons arise from the (R, R) and the (NS, NS) sectors and spacetime fermions
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arise from the (R, NS) and the (NS, R) sector. To be supersymmetric we need the same
amount of spacetime fermions and bosons and a mapping between the superpartners. This
is guaranteed if there is a bijective map on the worldsheet

(R,R) «+ (NS,R) « (NS,NS) « (R,NS). (2.4.14)

The spectral flow generated by U,/ and Uﬁ is tailor-made for such a map since n € Z + %

shifts the boundary conditions of the supercurrent by % and therefore maps the R and the
NS sector onto each other. But notice that

Uy (2) @y 5(w, @) ~ (2 —w)? ®q+§n7a(w,@) (2.4.15)

is multivalued for n = % except for ¢ € Z where an (for spinors) unimportant sign ambiguity
might exist. In this case the spectral flow operator is well defined but only semi-local.
Notice that only if ¢ € Z the fermion number operator (—1)2 = €™ is really well defined.
When repeating these arguments for the right-movers we obtain g € Z and (—1)fr = e/,

With well defined operators (—1)f% and (—1)*% we can implement the GSO projection
by further demanding ¢ € 2Z and similarly for the right-movers. In this case the spectral
flow operator is fully local which, as shown in [I8], 19, 20], is a necessary requirement for
spacetime supersymmetry. As a corollary, the central charge needs to be a multiple of
three since otherwise we have chiral fields with non-integral charge by spectral flow.

Examples

The easiest example for an N = 2 SCF'T is given by two free bosons and two free fermions
transforming as vectors under SO(2). In string theory this content describes two extended
directions. The characters of the fermionic can be found in while the two free
bosons add a factor of |n(7)|~* to the partition function. The central charge ¢ = 1 + 1 +
%+% = 3 of the theory is the sum of the central charges of the individual theories of bosons
andfermionsc:1+l+%+%:3.

Let us verify the central charge ¢ = 3 using the theorem . Since we look for NS
chiral primaries, let us look at the highest weights of the NS sector. The only candidates
are the vacuum and the highest weight V. The vacuum is always a chiral primary, so
let us look at the vector highest weight state W_;/5|0) where ¥, = %(41) - im@) is the
complexification of the two fermions (") and ®). Using the usual commutation relations
of a single fermion one gets the anticommutation relations for the complex fermion

{(U,, ¥} =0 and {V,,V,} =040, (2.4.16)

where U = @Z)q(nl) — i@/)q(?). To test whether W_;/5|0) is a chiral primary we need the supercur-
rents. They should have conformal dimension 3/2 which, using the particle content of the
theory, can only be built by combining the current Jy,,s ~ 9P of the complexified boson ¢
with the complex fermion ¥ as

Gt~ N(Jos¥)  and G~ ~ N(Jyos¥), (2.4.17)
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where N denotes the normal ordering. Using (2.4.16) it is clear that any commutator of
G™ with ¥ must vanish. In particular this results in

Gf1/2@,1/2|0> = {th/ga W_1/2}0) =0. (2.4.18)

Therefore next to the vacuum also the highest weight W_,/5|0) is a chiral primary in the
NS sector. By consulting one sees that O and V' close under fusion as they should.
The NS chiral field with the highest conformal dimension is V' whose conformal dimension
is h = 1/2 such that we again deduce with help of the central charge to be
c=6h=3.

The spectral flow operator U_; mapping the vacuum and V onto each other is V.
Also the spectral flow U/, mapping the R onto the NS sector can be found. From the
fusion rules Ui1/2 must be S/C. Indeed the counting matches and every chiral NS
primary is mapped onto a different Ramond groundstate.

2.5 Landau-Ginzburg model

In the following section we will first review N = (2,2) Landau-Ginzburg (LG) models in
two dimensions. Their conformal fix points will turn out to be the minimal superconformal
series with ¢ < 3. The second part will present more details about this minimal series by
providing a description in terms of a coset.

2.5.1 Landau-Ginzburg models

We will use holomorphic coordinates z,Zz which in superspace are accompanied by Grass-
manian coordinates 6%, 6=. As in z,Z, the bar in 6%, F denotes the left- and right-moving
piece while the superscript + denotes the chirality of the spinor. The supersymmetry
generators can be represented by

— o .0
D - T D —_- :F—. 251
1 +0 + 89i+9 oz ( )

We consider a chiral scalar field ® = ®(z, z, §*, %) obeying

whose dynamics is governed by an action with a kinetic term and a potential term. In
superspace language this reads

S:/d% dotdo=dordo K(®,d*) + </de do=df~ W(<I>)+c.c.> : (2.5.3)

The integrand K of the D-term called Kahler potential must be real and leads to the
kinetic terms. The integrand W of the F-term called superpotential must be a holomorphic
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function. To concretely see the purpose of each term we first solve the constraint (2.5.2)).
This is only easy when using the bosonic combination of the coordinates y* = z F 646~
and their right-moving counterpart since y~,y~ and 67,6~ are annihilated by D, and D,

while y*, 7,01, 0" are not. Using these coordinates the constraint (2.5.2)) is solved by

o=0(y,y,07,07)

_ (2.5.4)
=¢(y ,¥ )+ F(y ,7 ) -0 6 + Fermionic parts.
Expanding y shows F(y~,7) = F(2,z) and
oy~ 7 ) =0(2,2) —0¢-070" — ¢ - 070 + 1094 - 6707076 . (2.5.5)

Recalling that integration in superspace is the same as differentiation [ df = % we see

that the first integral in (2.5.3) picks out the 670=00~ term while the second integral
picks out the 670~ term. Using this we can perform the integral to see which terms appear
in a usual action S = [ d?zL. Inspection reveals the following bosonic terms:

e In K, we have a term proportional to #t6~0t0~ when a d¢ - 16~ term is multiplied
with a 0¢ - 76~ term or when ¢(z,%) is multiplied with 199¢ - 670-676~. Both
yield kinetic contributions ~ 0¢d¢* after an appropriate partial integration. The
remaining terms ~ Op0gK may then not contribute further Grassmanians and can
therefore only consists of more ¢. The first class of terms is in total

Liin ~ 0s05K |5, - DpIP* . (2.5.6)

For K = ®®* we get the usual canonical kinetic terms. Notice that there are no
kinetic terms for F' which we therefore recognize as auxiliary fields.

e In K, there is a further term proportional to #t6~6+0~ when two F meet each other
in F'F*. Then the other terms may not contribute further Grassmanians and can
yield more powers of ¢. The terms are therefore

~ ’FP ) aba@[ﬂé’:o . (257)

e To have a non-vanishing contribution from the superpotential we need exactly one
F and no further Grassmannian from the rest. The terms are therefore

~ F - 05W |5, (2.5.8)

Putting (2.5.8)) together with (2.5.7) we find the equation of motion F' ~ ajgg[(b:()‘
Integrating out the auxiliary field F' results in a potential

2

O W

Lot ~ = 2.5.9
pot aq)aq)*[( ( )

’ "

6=0
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For the canonical Kihler potential K ~ ®®* and the soon to be justified W ~ ®+2 we
have the bosonic terms

Shos ~ /sz dp 0" + glo™ | (2.5.10)

in the action.

As a scalar is dimensionless in two dimensions the superpotential is always a relevant
operator while the kinetic term is irrelevant. Consequently the superpotential is driving
and fully determining the renormalization group (RG) flow. But remembering that loop
diagrams contribute only integrals over the whole superspace [ d?zd*0 fioo, We see that
just K is renormalized. So W is not only dictating the flow but is also an invariant. Now
assume that we can choose K in such a way that K is infinitesimally small at the RG fixed
point. Then not only the flow but also the theory at the fixed point is universally specified
by the superpotential. We will not go into further detail about the hard non-perturbative
question whether there exists a fixed point. Instead we will derive a simple criteria on the
superpotential that must be fulfilled to have an RG fixed point. This discussion will follow
[21]. At the conformal fixpoint the theory should be invariant under holomorphic dilations
2z — 2/ = X2z inducing #%' = A\0*. The scale factor of this transformation can be read off
from the transformation of the metric ¢ = A\2g. Recalling that df scales with the inverse
of A the measure in front of W transforms as [ d?zd6*df* = [ d*2/d9+'do*' - A\=1. To be
invariant, the factor A=! must be absorbed by a redefinition of the fields ® which is only
possible if the superpotential is quasi-homogeneous

AW (D) = WA® ®). (2.5.11)

w = 2hg 1s twice the conformal dimension hg of ® since the conformal transformation is
2’ = M?z. For a single LG model this means that we have a single term in W which we
write for convenience as

W =g o2, (2.5.12)

Then w in (2.5.11)) is w = 15 and therefore hg = 12 Along the same lines we can obtain

k+2 k2
he = ]%22 Let us determine the (c,c) ring of the CFT at the fixed point. Next to the
identity operator also ® is a (c,c) primary by definition (2.5.2)). Since the chiral primaries
of the (c,c) ring close under fusion, also " defined by the fusion [®]" is a chiral field. For

K — 0 the equation of motion is ®**! = 0. The (c,c) ring is therefore

C[P] b
Rieo) = == =11,P,...,P 2.5.13
©) = 5ol (®) { ¥ ( )
The conformal dimension of an element ®” in the chiral ring can be deduced from he = %
to be
B — /2 (2.5.14)

k42
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As consistency check for the known relation h = 2¢ let us deduce the charge from another
viewpoint. From the superconformal algebra one can read off that the D¥ = G*
have charge £1. Looking at this is only possible if the # have charge 1 as well.
To be invariant, the integral [ d?zdf~df~ W must have zero charge which is only the case
if the superpotential has charge (¢,q) = (1,1) and therefore (qgr+2,Gorr2) = (1,1). By
charge conservation of the OPE one therefore has gon = gon = 7}5. Indeed everything
turns out to be consistent and we have h = h = 2¢ = 27 as expected for a field in the
(C,C) ring.

The same analysis can be performed with the conjugate ®. The conformal dimension
is the same while the charge has a minus sign in front. Therefore the (a,a) ring is

Riag = ———=1{1,9,..., 0} (2.5.15)

Notice that we could just identify the elements of the (a,a) and the (c,c) rings. The reason
that we could not find the (a,c) and (c,a) ring is that these rings are empty for pure LG
models.

Let us turn to the central charge. We identify the state ®* as the chiral primary with
the highest conformal dimension. Then according to theorem the central charge
of the CFT is

3k

_ Sk 2.5.16
“Tri2 ( )

Therefore ¢ < 3 which is the regime where one would expect the minimal rational unitary
N = 2 SCFTs. Indeed, when computing the Kac-determinant to exclude nullstates and
further excluding non-unitary theories one finds the same allowed conformal dimensions
[22, 23, 24], 25] 26]. Due to more and more convincing evidence, e.g. from the comparison
of the elliptic genus [27], it is well established that the minimal series of N = 2 SCFTs is
realized by the conformal fixed points of LG models.

2.5.2 The minimal N =2 SCFTs as coset

As it will turn out, the formulation of the minimal series as an LG model will be very handy
to deduce the geometric interpretation of the Gepner models, but for a concrete description
of the whole (non-chiral) spectrum a realization of the minimal models in terms of a coset
is more suitableﬁ A good starting point is the 1(2); theory that already has the right
central charge, see (2.2.34). But since su(2); is not an N = 2 SCFT it cannot be the
full answer. More hints about the coset can be deduced from the known chiral spectrum.
Recall that the chiral fields are labeled by one integer [ = 0, ...,k with h = %
Comparison with the colglformal dimension of states in the su(2), theory shows that

we have to subtract ) to get the right conformal dimension for the chiral primaries.

3For an introduction to cosets consult e.g. [8 [].
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This is the conformal dimension of a state with quantum number [ in the 1u(1)x1o theory,
see (2.2.32)). We therefore have to divide §1(2); by U(1);42. But the levels in the numerator
and the denominator do not match and the central charge subtraction by the 1(1)2 factor
must be compensated. Both can be cured by putting an additional 1(1)s into the coset.
The correct coset for the N = 2 minimal SCFTs is therefore [2§]

SIS (2.5.17)

Tracing the branching rules results in an indirect definition of the characters of the coset

k42
) ) = Y () K (2.5.18)
m=—k—1
from which one can show that
k42
Xis (T ZClm 4j—s(T) ©O—2ms(4j5)(h+2)(T) - (2.5.19)

Here the string functions from the decomposition ([2.2.44) of the $u(2);, characters in terms
of the u(1)y characters appear. Recall from the individual theories (2.2.36)), (2.2.30)) that
the range of the indices is

0<I1<k, —k—-1<m<k+2  s=-1012. (2.5.20)

By a closer inspections of (2.5.19) one can get more information about these quantum
numbers:

e To have x!, (7) # 0 one must have

l+m+se2Z. (2.5.21)

e There is an invariance under the shifts
s—s+4, m—m+2(k+2), (2.5.22)

which amounts to defining s, m modulo 4 and 2(k + 2), respectively.

e (2.5.19) is invariant under
| —k—1, m—m+ (k+2), s—>s+2, (2.5.23)

showing that the range (12.5.20)) is actually a double cover of the spectrum.



2.5 Landau-Ginzburg model 37

In the following we will denote a state in the N = 2 minimal SCFT (k) by the triplet
(I,m,s) € (k) (2.5.24)

subject to the above restrictions.
Applying a modular S-transformation onto (2.5.18]) we get the S-matrix

S(l,m,s),(l’,m’,s’) = (Sﬁ(l)k+2)r_njmlsii;l(2)k S;LI,(SI/)Z
1 7r R (2.5.25)
- in (T (4 2)( +2) ) e (T EE)
2k+4sm(k+2(+ W ))e ’

where we plugged in (2.2.33)) and ([2.2.40]) in the second line. Since the three indices (I, m, s)

are independent, we can use the known individual partition functions of each constituent
for the partition functions of the N = 2 SCFTs. This means that the ADE classification
of the modular invariants of the s1(2); theory classifies all modular invariants of the n = 2
supersymmetric minimal models as well.

The conformal dimension of the highest weight states of the characters in the
coset 1s

1 psu(@k ()2 _ pu(2rt2 — M 8_2 _ m—2
b s = By + hy hay T R T (2.5.26)
and for the charge with respect to the current of the N = 2 superconformal algebra one
finds
m s

ms = 73779 + 5 (2.5.27)

Actually the formulas for the conformal dimension and the charge are only correct if by
the identifications (2.5.23) and ([2.5.22)) the state (I, m, s) is brought into the range

0<|m—s|<lI and s€—1,0,1,2. (2.5.28)

But this is not always possible and there are two exceptions. In the NS sector there is the
state (I, —[,2) with [ > 0 for which the above formulas apply when using s = —2. The
state (0,0,2) has h = 2 and ¢ = 1 since (0,0,2) = GfS/Q\O).

From the discussion of the form of the coset or by demanding 2h = 4q or by comparison
with it is clear that the chiral fields are

chiral fields :  (,1,0)

2.5.29
antichiral fields : (I, —(,0). ( )

Further special states are, for instance, the spectral flow operators Uiy = (0,F1,F1)
which mediate between NS and R sectors. The fusion rules are deduced from ([2.5.25))

using the Verlinde formula ([2.2.10))
min(l1+l2,2k’fl1712)
(li,mq, 51) X (la, ma, 59) = Z (I3, mq + mg, 51+ S2) . (2.5.30)
l3=|l1—12]
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Simple currents can be read off from this formula. Since the range (2.5.20) is a double

cover we only need simple currents of the form
(0,{,m) where [+m €2Z. (2.5.31)
In particular the simple current which implements the D invariant is
Jp = (k,0,0)=(0,k +2,2). (2.5.32)
The abelian algebra formed by the simple currents is [29)
Zaey2) (k odd), Zokr2y X Ly (k even), (2.5.33)

where the elements of Zy2) and Zsy(,9) are given by the simple currents (0,4,7) and i €
0,...,4(k4+2)ori €0,...,2(k+2) respectively. For even k one can see that there are simple
currents that are not of the form (0,4,4). In case k = 8, the simple current implementing
the D-invariant is (0, 10,10)=(0, 10,2) = Jp. But for £k =6, Jp = (0, 8,2)=(0, 8, 10) is not
of the form (0,4,4). The missing piece is provided by the additional Z, factor that stands
for the simple current (k, k + 2,0). For k = 6 the simple current of the D-invariant Jp is
the product Jp = (6,8,0) x (0,8,8) = (6,16,8)=(6,0,0).

2.6 The geometry of Landau-Ginzburg models

This section deals with the geometric interpretation of the LG models. This section will
follow mainly [30] and the nice review [3I] but uses a more coherent convention than the
literature.

We will analyze LG models with r chiral superfields which we denote by (X1,...X,).
A necessary requirement to have a conformal fixed point is that the superpotential must
be quasi-homogeneous

WA X, A X)) = MW (X, X)) (2.6.1)

This ensures that conformal rescalings can be absorbed into a redefinition of the fields X;.

The equation (2.6.1)) suggests to regard the X; as coordinates of the complex weighted

projective space VVC]P’S];1 w, defined by the equivalence relation

(X1, X)) ~ (A" X0, A X)) (2.6.2)

where A € C* = C/{0}. Here (r — 1) is the complex dimension and the w; are the
weights of the coordinates X;. In this light forces the superpotential W to be a
quasi-homogeneous polynomial of degree d in the weighted projective space WCPS,?; l)wT

The following calculations are relying only on without referring to a concrete

realization of the superpotential. Nevertheless let us state the form of the superpotential
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that will appear later in Gepner models. Since we will take the direct tensor product of
minimal models, we have a Fermat polynomial as the superpotential

d kj+2
w=> X7 (2.6.3)
Jj=1

For this choice we have d = w;(k; +2) Vi which is satisfied if d is the least common multiple
of all (k; + 2).

Coming back to the weighted projective space, recall that the point (0, ..., 0) is excluded
defined by X]# 0 such that the remaining X; with ¢ # j can take values in C"!. Let us
go to the patch 7 = 1 where X; # 0 and introduce new coordinates &; by

wy X;
&' =X, & = —a7 - (2.6.4)

§°
The reason for this special coordinate transformation lies in the particularly simple trans-
formation of the superpotential which is

W (X1, Xoyo o, X,) =& W (L, 6oy ). (2.6.5)

We plug this into the path integral in the limit K — 0

(2.6.6)
- /Dgl s Dgr J eifdQZ d29_§1'W(1’§2 ~~~~~ X,)+c.c. 7
where the Jacobi determinant J is computed to be
/= % g, (2.6.7)

When this Jacobi determinant is constant we can integrate over & to get a §( [ W) that
enforces W = 0. Therefore

Zwi =d = W =0. (268)

For a non-zero Kahler potential this picture does not change severely and instead of the
delta function we get e.g. a Gaussian peak if the canonical Kéhler potential is selected (see
the appendix of [30]). We see that the quantum amplitude receives only contributions if
the equation W = 0 is satisfied such that the fields X; can only propagate on the (r — 2)-
dimensional hypersurface W = 0 of degree d. Therefore the conformal fixed point of the
above LG model describes a hypersurface of degree d in a weighted projective space which
we write as

wcP, !t 1d]. (2.6.9)

.....
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It is well known that the first Chern class of such a hypersurface is vanishing precisely
upon imposing making the hypersurface Calabi-Yau. Let us make some comments:

The freedom to choose the defining polynomial of the Calabi-Yau corresponds to the
choice of complex structure. The deformations of the complex structure preserving the
Ricci-flatness translate into small deformations of the superpotential W' = W + € - [d]
where [d] is a polynomial of degree d. Since the charge and the conformal dimension of

the superpotential are gw = (1,1) and hy = (3,1), the complex structure deformations

are therefore in 1:1 correspondence to the chiral fields with » = (3, 1) on the CFT sideﬂ
Now, h = (%, %) is precisely the condition for a field in the NS-NS sector of string theory

to be massless. As discussed in section the complex structure deformations should
be massless from the compactification viewpoint as well. To summarize when using the
above construction as internal CFT in a string theory, the massless modes are precisely the
ones that are expected from geometric compactification on the associated Calabi-Yau. It is
natural to conjecture that using an LG model as internal CF'T describes strings propagating
on the corresponding Calabi-Yau manifold defined by W = 0.

A very important detail that has been disregarded so far: The coordinate change from
the X to the £ is actually not one-to-one since

X, =& &0 =& (§e¥)T =T .6 ()T =TT X, (2.6.10)

w;

Recalling 7 = k+r2 = gx, one sees that £ and X are only one-to-one for states with integer
charge. For the above discussion to hold one needs to restrict to integer charge. Thus only
Landau Ginzburg orbifolds where one divides out by €2™ have a geometric interpretation.
That such an orbifold is always possible in LG models was shown and explicitly computed
in [32]. The attentive reader will have noticed that the ¢ € Z condition has already
appeared in the discussion around ([2.4.15]). There this condition ensures an unambiguous
spectral flow operator Uj /; between the NS and the R sector. It is very intriguing that this
relation gets an interpretation in LG models.

Another important point about the LG orbifold is that the twisted sectors of the €27
orbifold add states to the (a,c) ring which is empty in pure LG models. Following the
discussion after , the (a,c) ring corresponds to the Kéhler moduli of the Calabi-Yau.

2.6.1 The Calabi-Yau condition in LG models

One can use the LG orbifold of the last section as the internal conformal field theory in a
string CFT. The CFT should then correspond to strings propagating on the Calabi-Yau
manifold that is associated to that LG orbifold. That this works depends crucially on
the Calabi-Yau condition (2.6.8). Let us test in several examples whether can be
satisfied.

In order to have a proper type II theory, the total central charge has to add up to 12.
Assuming D non-compact directions the LG orbifold must have central charge (10— D)- 2.

4A thing to notice here: In LG models there are no chiral fields representing Xik”'1 and Xi]“”. The
geometric counterpart for this is that these deformations can be eliminated by a coordinate redefinition.
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The central charge of an LG model with fields X; is the sum of all individual central charges
such that

3
Zci =(10-D) 3. (2.6.11)
where ¢; = (13112)‘ In the following we will specialize to the most interesting case with
D=4and ) . ¢ =9. In a first example let us tensor five £ = 3 minimal models which

we write as k; = (3,3,3,3,3). When taking the direct tensor product the superpotential
of the LG model is the Fermat-polynomial

Wi = X7+ X5 + X5 + XJ + X2 (2.6.12)

The weights are w; = 1 and d = 5 such that indeed ) w; = d as demanded by the
Calabi-Yau condition (2.6.8]). The associated Calabi Yau is Py 11 11[5], the famous quintic.
Another example is k; = (1,4, 4,4,4) with superpotential

Wi =X; + X5+ X5+ X7+ X5 (2.6.13)

We read off w; = (2,1,1,1,1) and d = 6 such that again > w; = d and the Calabi-Yau is
WCPs111.1[6]. Similar for k; = 2,2,2,6,6 the superpotential is

Wasge = Xi + X5 + X5 + X5 + X5 (2.6.14)

The weights are 2,2,2,1,1 and d = 8 as it should. The corresponding Calabi-Yau is
WCPy2,211[8].

As one can see, the condition that the central charges add up to 9 guarantees that the
weights and the degree of the polynomial obey

5
> wi=d. (2.6.15)
=1

This means that we always have an interpretation as a Calabi-Yau when tensoring five
minimal models with total central charge 9.

All examples consisted of 5 tensored minimal models, so let us also check what happens
for 4 minimal models. A first example is k; = (6,6,6,6) which directly translates into
w; = (1,1,1,1) but d = 8. As one can see, Y w; # d, and both sides differ by four.
Exactly the same happens for k; = (2,10,10,10). Here w; = 2,1,1,1 and d = 12 so
that now the difference between > w; and d is 6. The solution to this puzzle lies in the
observation, that in both cases

D wi+ %l —=d. (2.6.16)
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This can be interpreted as an additional fifth minimal model with weight ws = g thus
ks = 0. Since its chiral sector is trivial and by the equation of motion X5 = 0, it does not
change anything geometrically. The superpotentials are therefore

We = X7+ X5+ X5+ X5 + X2,

2.6.17
W = X7 + X" + X2 + X2+ X2 ( )

The need of a fifth variable in models with four tensored minimal models can also be seen by
dimensional analysis. To have a hypersurface Calabi-Yau with three complex dimensions
we need to have a WCIP with five coordinates thus five tensored minimal models. These
five dimensions get reduced to the three of the Calabi-Yau by the projective freedom and
by the polynomial constraint. It follows that we have only a geometric interpretation as
hyperplane Calabi-Yau compactification for four or five tensored minimal models. Less
than four models cannot add up to ¢ = 9 and more do not have the correct dimension.

2.6.2 ADE invariants in LG models

The following section deals with the question how to translate the ADE classification of
the partition functions of the minimal models into the LG language. For this
recall another ADE classification in the context of SU(2): Defining &, = et and wy, =
diag(&, (&) ~') the discrete subgroups of SU(2) are classified as follows (see e.g. appendix
C of [33]):

e A, has the generators wy o and is the cyclic group of order k + 2.

e D,, with p > 4 and generators wy, plus an additional Z, generator 7 that can be
expressed in terms of the second Pauli matrix 7 = ¢09. It is the binary dihedral group
and of order 4p — 8.

e g with generators w, and
1 (& &

Ko = —— . (2.6.18)
V2 e g

It forms the binary tetrahedral group of order 24.

e F; with generators wy, kg as for Fg but an additional wg forming the binary octahe-
dral group of order 48

e FEj with generators a = —diag(&2,£2) and

1 &+ &5 1

S I R

named the binary icosahedral group of order 120.
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Dividing C? by one of the above discrete subgroups I' C SU(2) we get a space C?/T" with a
singularity at the origin. To see how we can characterize this singularity take the example
C?/Ag41. Let us denote the coordinates of C? as X,Y. The Ay, invariant polynoms are
X*2 XY and Y**? which we use to define new variables W, = X**2, W, = Y**2 and
Z = XY subject to the identification Z*+2 = W, W,. After the coordinate transformation
Wy =A+iB and Wy = A — iB we get the identification

0= A% 4 B* 4 ZM2 (2.6.20)

We can summarize what we have done in

Clx.y]_ CIXY, X*2 yFe] =
Ak+2 Y Y

(C[ZaWhWQ] _ (C[Z’A7B]
Z—-XY  A24 B2 4 Zkt2

(2.6.21)

This construction embeds C?/A;,; into the space C* with the constraining equation
(2.6.20)). Using similar steps for the other discrete subgroups of SU(2) one gets the iden-
tifications

o Apii: 0=+ %+ 2
e D, 0=y + 2?2+ 207!
e Eg: 0=19%+ 23+ 24

o B 0=y + a3+ 223

o Fg: 0=y?+ 234 2°

The above polynomials fully characterize the space C?/T" and most importantly the singu-
larity at the origin. We have therefore an ADE classification of singularities widely used
e.g. in F-theory.

To connect this classification to LG models the above relations are interpreted as super-
potentials of an LG model [2I]. Having more than one variable in the polynomial means
that we have tensored LG models. But e.g. in the A, ; polynomial the y? and the 2>
correspond to LG models with trivial chiral ring. They are therefore also geometrically
trivial and we can forget them. Therefore a LG model with superpotential 2**? describes
a minimal model with the A invariant partition function. Similarly a minimal model with
D partition function is a LG model with superpotential Wp = 2P~! + 222. This form
of the D invariant can be understood another viewpoint when comparing the A and D
superpotentials. Under the coordinate transformation

1
and x4 =xp- 2} (2.6.22)

o=

ZA = 2

the polynomials of the A and D series are mapped onto each other [34]. This transformation
is not bijective unless we identify x4 ~ —x4 and z4 ~ —z4 E] Imposing the identification in

>This Zs identification reminds us of the additional Zs generator 7 of the D,, subgroup of SU(2) and
that the simple current implementing the D invariant has length two.
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an A model we get twisted states and the D invariant is reproduced. From the polynomial
for the D invariant the weights can be read off as w; = If—f2 and wy = %— k;j—Q withd = k+2.
Notice that the D invariant changes the geometric interpretation severely.

2.6.3 Summary

In the last two sections we exemplified how to translate hypersurface Calabi-Yau manifolds
into the LG language and vice versa. We looked at prototype examples that should give an
idea how to treat more general models. A detailed dictionary can be found in [35] where
all cases are brought together.

2.7 Hodge numbers of Calabi-Yau manifolds

This section explains how to compute the Hodge numbers of Calabi-Yaus and exemplify
this in the examples we need later. This discussion will mostly follow [35]. Although
we do not use toric resolutions, a background in toric geometry is recommended, see e.g.
[31], the appendix of [36] or [37]. The aim is to compute the Hodge data of a Calabi-Yau
constructed as hypersurface or complete intersection Calabi-Yau in a product of weighted

projective spaces.
First we generalize the notation of (2.6.9),

wcCPrt [d], (2.7.1)

that denoted a hypersurface Calabi-Yau defined by a polynomial of degree d in a weighted
projective space WCPZ;;}..,W- Instead of using a single polynomial one can also define a
Calabi-Yau through more polynomials. The Calabi-Yau is then the intersection of several
hypersurfaces defined by polynomials and therefore called complete intersection Calabi-
Yau. The notation captures this by writing [d; dy...] where d; is the degree of the i-
th polynomial. One can further generalize this by taking tensor products of weighted
projective spaces. To see what the polynomials look like in this case we refer to the later
example around (2.7.14)). We write the different WCP in different lines such that we end
up with the notation

ni
WCPwll ,W12,W13,W14,--- dll d12
w21,W22;.-.

WCPr2 dyr  dos _ (2.7.2)

Being agnostic about possible singularities one can compute the Euler number of this
Calabi-Yau by expanding

ILIT (0 A+ wig Ji) < T1; 52, dij Ji
G+ di i) < [ [T wiy

(2.7.3)
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and looking at the coefficient of [[, J/". Here J; is the hyperplane (1,1) form of every
weighted projective space. Usually the ambient space contributes as many Kéahler moduli
as there are WCPs. For instance for M = P; 1 ;1,[5] we find

(1+J)° x5J

= 5J 4+ 50J% —200J% + ... 2.7.4
(1+5J) * T ( )

from which we read off x(M) = —200. Since the Calabi-Yau inherits one Kahler modulus
from the ambient space we have h''! = 1 and due to

x(M) = 2(h"t — A1) (2.7.5)

we find h%? = 101. This is the famous quintic.
Now imagine two weights have a common divisor, e.g. the two weights ws = wg = 2

in Py 111,22 In this example the projective rescaling by A = —1 leaves the two variables
ws and wg invariant. As such when setting X; = ... Xy = 0 we get a subspace of the
projective space which is Z, singular since it is a fixed point of the A = —1 rescaling. If

this singularity furthermore intersects the hyperplane or the intersection that defines the
Calabi-Yau, also the Calabi-Yau is singular in a point or curve D. This is cured by excising
the singular part D and replacing it with a non-singular space. When doing so for the case
of a Zy singularity the Euler number changes as

lX(D) + N x(D). (2.7.6)

X(M) = Xsing - N

Let us look at a complete intersection Calabi-Yau in the singular ambient space of above,
M = Pi11122[5 3]. Without resolution the Euler number is Xgns = —165 which is
clearly not an even number thus not viable according to . Let us take a look at
the polynomials defining the Calabi-Yau to see whether the Calabi-Yau inherits the Zo
singularity from the ambient space. We name the variables with weight one X; and the
variables with weight two Y;. Using the notation [X¢] for a polynomial of power d in the
variables X; the polynomials defining the Calabi-Yau are schematically

0=[X+[X3]-[Y]+[X][Y?,
]+ X7 1] + (] -
0=[X°]+[X] [Y].
When going to the location of the singularity where X; = 0 both polynomial constraints
are automatically satisfied. This shows that the Calabi-Yau manifold shares the whole
singularity of the ambient space. The singularity spans a P;; whose Euler number is
X(Z3) = 2. When excising this singularity with (2.7.6|) the total Euler number is x(M) =
—162.
When resolving a singularity one excises the singular parts and inserts new curves whose
size is controlled by (1,1) forms. Let us list the additional forms from the blow-ups

e Resolving a singular curve of order N adds (N — 1) (1,1)-forms.
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e Resolving a singular point of order N adds $(N — 1) (1,1)-forms.

e If on a singular curve of order N there are singular points of order N - M, for each
point one gets (N — 1) (1,1)-forms.

Therefore in the above example we get one additional (1,1)-form and the full Hodge data
is

M= IP?,1,1,1,2,2 5 3]h171:2’h1’2:83 - (2.7.8)
This result agrees with the known data in the literature [38] (see also [39, 40]).
Often, two singularities are on top of each other as one can infer in the example M =
Py 1244[12]. First M has a Z, singularity and secondly a Z, singularity. When setting
X; = X5 = 0 we are on top of the Z, singularity. To see how much of the ambient space
singularity intersects the Calabi-Yau we look at the polynomial on the singularity

0= [X5] +[X]] + [X2], (2.7.9)

where we only wrote down the Fermat polynomials. This equation defines the space Cy =
Py 55(6]. But actually, the singular space Cy again has a Z, singularity along Cy = Py 1[3]
that is the Z, singularity in M = P;1944[12]. Therefore both singularities lie on top of
each other. For the Euler numbers we find using (2.7.3))

sing _E 3

Xum T G =—5. () =3. (2.7.10)

To not excise the Z, twice, we cut the Z4 out of the Z,

&

X (54) = x(C2) — % -x(Cy) = =3. (2.7.11)

The full Euler number is

K =00 - g (&) = e +2x (@) +4-xic

C,) 4 Cy (2.7.12)

= —192.

The resolution of the singularities added four Kéehler moduli to the existing one such that
we have h''' =5 and h1? = 101.

The next example is M = IPy 1 1 23[8] which at first glance has a Z, and a Zs singularity.
Since three does not divide 8, the weight three variable is always accompanied by another
variable in the polynomial of degree eight. Therefore as in the full singularity is on
top of the Calabi-Yau. The singular is space is C3 = P; which is a point with x(C3) = 1.
When looking at the Z, singularity we set all other variables to zero to be left with the
polynomial Xj = 0. This is only satisfied for X; = 0 but the point where all X; = 0 is not
in the ambient space. Therefore there the Z, singularity is not shared by the Calabi-Yau.
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Using (2.7.3) we find x*"(M) = —%2 and the Euler number of the resolved Calabi-Yau

X(M) = Y*5(M) — 2x(Cs) + 3x(C) = ~208. (2.7.13)

Since we excised a point, we get one additional Kihler modulus and in total At = 2, h1? =
106.
Let us come to another example,

P 4
M =123 ’ : (2.7.14)

There are three singularities, a Zs, Z3 and a Z4. Similar in the last example, the Z, is
on top of the Z, singularity. Let us denote the coordinates of the ]P"1{1727374 as X; and the
coordinates of the Pj, as Y;.

We start with the Z, singularity. The weight 4 does not divide the degree 7 giving a
similar polyonomial as . Setting all coordinates except for the one with weight 4 to
zero therefore sets the polynomial of degree 7 to zero. The second equation is

XsY1 + Xs5Ys =0 (2.7.15)

This equation is satisfied for Y; = —Y5 which is a point in P'. Therefore the Z, singularity
intersects the Calabi-Yau at a point P, whose Euler number is x(P,;) = 1

Next the Zs singularity. The weight three does neither divide seven nor four, so in
every polynomial X, comes with other variables. Setting them to zero to get to the locus
of the singularity sets both polynomials to zero. As such the Calabi-Yau shares the full
singularity of the ambient space, which is a C3 = P!. The Euler number is x(C3) = 2.

Lastly the Z, singularity: Both 2 and 4 do not divide 7, so the first polynomial is auto-
matically zero. When going to the singularity X; = Xy = X, = 0 the second polynomial
becomes

0= X2Y; + X,V (2.7.16)

which is the defining relation of the space

C=_"7]. 2.7.17
-l 21

Let us collect the relevant Euler numbers
x(C3) =2, X(Ps) =1,
X(Ca/Ps) = xr(Ca) — %X(Pﬂ =1,
where we excised the Z, out of the Z, since they lie on top of each other. Furthermore

1471
12

(2.7.18)

(M) = (2.7.19)
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The resolved Calabi-Yau has the Euler numbers

X(M) = xT"E(M) — Ix(Co/Ps) — $x(C3) — 1x(Py)
+ 2x(C2/Ps) + 3x(C3) + 4x(Ps) (2.7.20)
=—-112.

The resolution adds the following extra Kahler moduli
Zo:h't =1, Zs: A =2, Zy:hM =1. (2.7.21)

The full data of the resolved Calabi-Yau is (h®!, hM') = (62,6).

2.8 Gepner models

Having gathered all ingredients, it is only a small step towards constructing the CFT
describing string motion in a Calabi-Yau space.

In lightcone gauge we have effectively D — 2 non-compact directions that, from the
worldsheet point of view, are described by D — 2 free bosons ¢; accompanied by their
fermionic partner. These fermions transform in the vector representation of SO(D — 2)
such that we need a §0(D — 2); theory. Following the discussion about the geometry of
Landau-Ginzburg models we use tensored minimal models to describe the internal space.
The complete theory is

QR ki@ s0(D—2); @ (D —2), (2.8.1)
i=1
with the restriction
- 3k 3
= =(10—-D)-—, 8.
Z:10 i:1ki+2 ( ) 5 (2.8.2)

to have a total central charge

d 3 D-2
ctot=Zci+cﬁ(D_2)1+c+(D—2)=(10—D)-§+T+(D—2) =12 (2.8.3)
=1

as required for type II. Neglecting the bosonic part we can label the highest weights of this
theory by

(ll, mi, 81) - (lr, my, ST)(So) € ® k; ®£';\0(D — 2)1 . (284)
=1

The total conformal dimension and the U(1) charge of the highest weights are simply
the sum of the individual ones. Stating a theory with the right central charge is easy but
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actually building a string vacuum is a hard task and the great achievement of Gepner in his
paper [41]. Notice that his work was prior to any knowledge of the geometric background
of LG models and a systematic understanding of N = 2 SCFTs. In [42] the connection to
Calabi-Yau manifolds was found by Gepner as well shortly after his first paper. There he
also gave more evidence for the connection by computing Yukawa couplings.

In the following we will not use his S-vector method to implement projections on the
spectrum but project using simple currents. We will first construct a bosonic partition
function and then map it to a superstring partition function using the bosonic string map
from page [18 Recall that it maps the characters (O,V,S,C)p_2 on (V,0,—C,—S)pe
such that modular invariance and level matching is preserved.

The first requirement is to have odd charges. As discussed after this will
project onto a supersymmetric spectrum with states that have conformal dimension h =
1/2,3/2,.... Since the bosonic string map shifts all dimensions by 1/2, the charges get
shifted by 1, such that the bosonic partition function we construct first needs even charges.

Let us implement this projection using a simple current. For simplicity, we first try
whether the easiest class of simple currents, the orbit simple currents that have integer
monodromy charge, thus » = 0, works out. Recalling we see that we need a simple
current that assigns the monodromy charge @ = 4 mod 1 to every state. Plugging this
into the defining relation of the monodromy charge together with the form of simple
currents in minimal models results in

JGSO = (O, 1, 1)7” (S)D+6 . (285)

The second requirement is that there must be an overall N = 1 SCF'T to have a proper
type II string theory. We choose the total supercurrent to be the sum of the individual
supercurrents

Giot = Y G+ :0.X" 1, . (2.8.6)
j=1

The total R(NS) sector is then the tensor product of all individual R(NS) sectors. As such
states which mix the NS and R sector are not allowed. Projecting on pure NS/R states
can be achieved via an orbit simple current as well. We will exploit that the sector of
the s0(D + 6); factor must match sector of every minimal model. One can therefore split
the projection in r individual projections that ensure that the r’th minimal factor has the
same sector as the §0(D 4 6);. In minimal models the label s determines whether a state
is in the R or NS sector. Therefore the monodromy charge should depend only on s. This

is easily seen to be the case if the simple current has [ = m = 0. Playing around with the
definition ([2.3.5)) one sees that the right simple current is

Ji = (0,0,0)...(0,0,2);...(0,0,0),(S)pss . (2.8.7)

It correctly projects onto pure NS; ® NS and R; ® R states between the ¢’th minimal factor
and the §0(D + 6); factor. Then using one such simple current for each minimal factor
gives pure NS®” ® NS and R®" ® R sectors as we wish.
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The bosonic partition function is in total

Zpos(1,7) ~ X1 (1) M (Jeso) H M(J;) X(T) , (2.8.8)

r=1

when neglecting the n functions and an overall normalization constant. Applying the
inverse of the bosonic string map on the left-moving characters only gives a heterotic
partition function, applying it on both, the left- and right-moving characters, results in
the IIB partition function

ZIIBGepner<T7 ?) ~ X’T@—) M(JGSO) H M<<]Z) %(?)

=1

. 2.8.9
Sbom (28.9)
Since all simple currents in the partition function are orbit simple currents the partition
function and therefore Gepner models are left-right symmetric as discussed after (2.3.17)).

The ITA partition function is reached by adding the matrix M (Jr;4) associated to the
simple current

Jrra = (0,1,1)",(C)pss (2.8.10)

to the partition function. As one can check, M (Jrr4) acts as charge conjugation on the
right-movers. Recalling ITA = IIB/(—1)t we see that a simple current can implement a
(=1)Fz orbifold.

Gepner models solve the non-linear sigma model of string theory where the background
is R>! x Y3 The internal space Y? is a Calabi-Yau defined as hypersurfaces in weighted
projective spaces that can be deduced from the rules provided in the former sections or
by consulting [35]. Gepner models use direct tensor products of minimal models leading
to a Fermat-type polynomial that, by setting it to zero, defines the Calabi-Yau.
The form and coefficients of the polynomial specify the point where we are in complex
structure moduli space. Unfortunately, the Fermat-point is far away from the physically
relevant regime. This can be seen by expanding the partition functions in powers of ¢,q.
The powers that appear are all of the form ¢/ where n € N§ such that the mass of every
massive state scales with the string scale. Therefore all cycles are at the self-dual radius.
Having this in mind it is no surprise to find gauge symmetry enhancements in Gepner
models.

Examples: The Quintic

Let us state the most common Gepner model, the quintic Py 11[5] therefore k = 35.

byl

The quintic is a threefold such that we have D = 4 non-compact directions. We will only
state the massless modes with hy/r = % and omit the subscript in (s¢)p_» as we are only

6This is remarkable given the fact that we do not know the metric on the Calabi-Yau manifold and
therefore cannot write down the non-linear sigma model explicitly.
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interested in the IIB string. Always special is the vacuum sector for which we find the
orbit

[(0,0,0)°(V) 4 (0,1,1)°(C) + (0, -1, -1)(9)] ,

(2.8.11)
® [(0,0,0)5(V) + (0,1,1)5(C) + (0, -1, —1)5(S)]

R

With help of (2.2.25]) one can deduce the spectrum from the target space perspective as
e a massless N = 2 gravity-multiplet consisting of g + 2¢3/2 + V),

e and a massless N’ = 2 hypermultiplet consisting of 4¢ + 2t /5. This is the universal
hypermultiplet.

For the other charged orbits we use a notation where we collect the contribution of the
minimal models into the form (h,q). The first type of orbits comes from the (¢, ¢) sector
and looks like

(5, =D©O) + (£, (9], @ [(5: —=1D(O) + (3. 5)(9)] - (2.8.12)

The (c,c) states are always accompanied by their charge conjugate orbit from the (a,a)
ring

(3, 4+1)(0) + (2, -H)(0)], ® [}, +1)(0) + (2, -1)(O)] - (2.8.13)

Combined they yield the field content of an N/ = 2 vector multiplet with its field content
V + le =+ 2¢

The second type of charged orbit mixes both the orbit and its charge conjugate. It
contributes states from the (a,c) and (¢, ¢)/(a,a) ring

giving a vector and a hypermultiplet.

There is a clever strategy to count all multiplets in Gepner models arising in the charged
sector. We take only the states (3, —1)(O) and compute their orbits. In the resulting list
every S state will contribute a vector multiplet while every C' will give rise to a hypermul-
tiplet.

Let us take a look at the massless states in the 3° Gepner model. We will focus on the

NS-NS states of the form (%, —1)(O) and keep the appearance of their charge conjugates

(3,1)(0) and their superpartners in mind. The massless spectrum is

(2.8.14)

State | Polynomial | degeneracy

(3,—3,0)(2,—2,0)(0,0,0)3 X3X? 20
(3,-3,0)(1,—1,0)%(0,0,0)2 |  X3X;X, 30
(2,-2,0)2(1,-1,0)(0,0,0) |  X2X2X, 30
(2,-2,0)%(1, —1,0)%(0,0,0) | X2X; X)X, 20

0
(1,-1,0)° | X1 X2X35X,X;5 1.
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Of these only the last one is in the (a,c) ring giving 101 vector multiplets and 1 hyper-
multiplet as such the Hodge numbers are h'' = 1 and h'? = 101. These number were
computed geometrically around ([2.7.4)).

Example 2: The D-invariant

Let us state another example with a D-invariant, the model 6666,. Following section [2.6.2]
the corresponding superpotential should take the form

W=X+X5+X5+Y'+YZ2=0 (2.8.15)

that defines the space Py 1123[8]. We look at this particular example to see how the D
invariant and its characteristic splitting into two variables Y, Z is reflected in the spectrum.
We begin with the states that do not involve something non-trivial in the minimal model
with the D-invariant

State | Polynomial | degeneracy

(67 670)(2a _2a O)(07070)2 X16X]2 6

(67 670)(1a_ )2(0 0 0) XzﬁX]Xk

(5.-5,0)(3,~3,0)(0.0.0)2 | XX
(5,—5,0)(2, -2, )(1, 1,00(0,0,0) | X7X2X,

(
0)
4, - )2( 0 XIXT
(1, ,0)(0, O ,0) XfoXk
(47 —4, ?
(37 _37 (

For the states involving something non-trivial in the last factor we find

)
(2,-2,0)%(0,0,0) | XAX2X?
2

)
2 9 0)(0 0,0) | XPX3X?

W W O W o O W

0
(
(4, —4,0)(3, 3, 0
0)
0)

State | Polynomial | degeneracy
(6,—6,0)(0,0,0)*(2,-2,0) XY 3
(5,-5,0)(1,~1,0)(0,0,0)(2,~2,0) | XPX,¥ 6
(4 4 O)(2,—2,0)(O 0,0)(2,—2,0) X;‘XfY 6
(4,-4,0)(1,—1,0)(1,—1,0)(2,-2,0) | X!X,; XY | 3
(3 3 O) (O O 0)(2 2 O) XfX;’Y 3
a0t 20 | xixigy | 1
(4.-4.0)(0.0,02(4~4.0) | Xiv? 3
(37_3 0)(17 170)< ) 70)(4 —4 O) X?ijz 6
(27 70)2< ) 70)(4 —4 O) XEijy2 3
(2,—2,0)(1, — 1,0)2(4 —4,0) XfXijY2 3
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and
State | Polynomial | degeneracy
(5,—5,0)(0,0,0)%(3, —3,0) X7 3
( )(17 70)(07()’0)(37_370) X;LX]Z 6
(37 37 )(17 7 )2(37_370) XzSX]XkZ 3
(2,-2,0)%(1,—1,0)(3,-3,0) XfXj?XkZ 3
as well as
State ‘ Polynomial | degeneracy
( ,0)2(0 O ,0)(6,—6,0) X X;Y3 3
(1,-1,0)3(5,—5,0) | X; XoX3Y 7 1

They correctly add up to the Hodge numbers h'? = 106 and h'' = 2 that we computed
after (2.7.13). Going through the list one sees that the simple currents erased nearly all
odd [ while the remaining even [ turn into the variable Y. The g state survived as well
and represents the Z variable. Only one other odd state is left that corresponds to the
X1X5X3Y Z monomial that is always present if >, w; = d. As one can see through simple
currents there might be holes in the spectrum and a single variable can split into several
variables. This will reappear in the asymmetric Gepner models as well.

Furthermore notice that the simple current for the D-invariant completely changes
the geometric interpretation. Without additional simple current, the model &k = 6,6,6,6
corresponds to Py 1 114[8] with (RM, h1?) = (1,149). Clearly this is way different from the

result we obtain when adding the sunple current for the D-invariant.
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Chapter 3

Conformal field theories for
non-geometric backgrounds

Assuming a smooth ten-dimensional geometric space M equipped with a metric and possi-
bly other background NS-NS fields, the non-linear sigma model that describes the motion
of strings in M is the usual Polyakov action. Having the non-linear sigma model at hand
one has to check whether the background is a consistent string theory background. In
case the [ functions are non-zero there is a mass scale such that conformal invariance is
anomalous. If § = 0 the non-linear sigma model is anomaly free and defines a conformal
field theory that is necessarily left-right symmetric, simply because the non-linear sigma
model is manifestly left-right symmetric.

Take for instance M = R*! x Y3 where Y3 is a Calabi-Yau manifold. Although the metric
of Y3 is unknown, at least in principle one can write down the corresponding non-linear
sigma model. M being Ricci-flat, at least at leading order the § functions vanish right
away such that the non-linear sigma model defines a left-right symmetric conformal field
theory. From the last chapter we know that Gepner models are the conformal field theories
of certain Calabi-Yau manifolds and, indeed, Gepner models are left-right symmetric.

For a long time it is been known that there are also left-right asymmetric conformal field
theories like, for instance, the asymmetric orbifolds [43]. They are perfectly well defined
string backgrounds but, being left-right asymmetric, they have no underlying non-linear
sigma model and at first sight a geometric interpretation seems to be impossible.

In the following chapter we will argue that one can associate a target space interpreta-
tion at least to certain left-right asymmetric conformal field theories. The starting point
is the following observation: In an effective supergravity of a string compactification addi-
tional fluxes on the internal manifold gauge some subgroup of the global symmetry group.
But as it turns out, the geometric fluxes are responsible for only half of all possible gaug-
ings. The remaining gaugings in turn correspond to the T-duals of the geometric fluxes,
named non-geometric fluxes. From the worldsheet point of view T-duality acts as left-right
asymmetric reflection of the right-movers. This suggests a connection between left-right
asymmetric conformal field theories and non-geometric fluxes. The following chapter will
elaborate this connection and argue that certain left-right asymmetric conformal field the-
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ories are the string uplifts of fully backreacted vacua of gauged supergravity.

In the first part of the chapter we will review the existing literature about asymmetric
toroidal orbifolds and their connection to gauged maximal supergravity. Then we take four-
dimensional Gepner models and extend them with left-right asymmetric simple currents
that break the right-moving supersymmetry such that we end up with AN/ = 1 super-
symmtry. We show in several examples that one can identify an underlying Calabi-Yau
geometry in these asymmetric Gepner models. This observation leads us to suspect that
the asymmetric Gepner models could be related to N' = 1 vacua in the gauged supergrav-
ity of the identified Calabi-Yau manifold. To check this we review spontaneous partial
supersymmetry breaking in N = 2 gauged supergravity and derive bounds on the N' =1
spectrum. We compare these bounds to the results from the asymmetric Gepner models
and find a very good agreement. We therefore conjecture, that asymmetric Gepner models
correspond to the fully backreacted N' = 1 vacua in a N' = 2 gauged supergravity.

3.1 Linking gauged supergravities and (asymmetric)
toroidal orbifolds

This section outlines how we were motivated to work on asymmetric Gepner models. We
start with general T” compactifications, gauge the resulting supergravity and then review
corresponding conformal field theories. The aim is to connect fluxes in the supergravity
description with (asymmetric) conformal orbifolds.

3.1.1 Torus compactifications

The action of the NS-NS subsector of any superstring theory, the metric g19, the Kalb-
Ramond field By and the dilaton ¢ is

S = /dwx\/—glo e ? (Rio + (09)* — S HY,) (3.1.1)

where R is the ten-dimensional Ricci scalar and Hyg = dBqy.

Compactifying this action on a T? results in a theory with O(D, D) global symmetry
and an abelian U(1)?" gauge group. The 2D gauge bosons are A? = (g, B,;), where
i is an index along the external, and ¢,j are indices along the T* that we combine in
a € 1,...2D. The dimensionally reduced action is [44]

S = /le_Da: —ge ? (R—i— (09)? — %HQ

(3.1.2)
ALV K LV K = L Loy K Log P )
Here the Latin indices a,b,c,--- € 1,...2D label the fundamental representation of the

global symmetry group O(D, D) and F'* = dA® is the field strength for the gauge bosons
Al
o
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The scalars are collected into a symmetric matrix K with Tr(LK) = 0 that takes
values in the coset O(D, D)/O(D) x O(D). These scalars arise from, B, and g, and
encode the size and shape of the T”. The matrix

0 1p
L= <1D 0) (3.1.3)

is the usual O(D, D) metric. The reduced three-form field strength is

H,pr = auB,uzx - %AzLangp + CyCI- . (314)

The symmetry group acts as A — M%A® and K% — M M*;K where M € O(D, D).

3.1.2 Gauged supergravity and flux compactifications

When gauging a subgroup of the global symmetry group by turning the subgroup into a
local symmetry group one speaks of a gauged supergravity (GSUGRA) (see e.g. the review
[45]). This leads to couplings between the fields and might additionally induce a scalar
potential, possibly breaking supersymmetry.

From the string theory viewpoint these gaugings are reproduced when one perturbs
a pure background with additional fluxes in the internal geometry. This is called a flux
compactification. Notice conformal field theory is not able to have a non-trivial R-R
background. The reason for this is that one cannot write down the appropriate sigma
model due to the lack of vertex operators for the potentials. Since we will later compare
the gauged supergravity with a conformal field theory, we restrict ourselves to NS-NS
fluxes.

In case of the TP compactification we gauge a subgroup G' € O(D, D). The generators
of G are denoted as Z); and X); depending on whether they arise from g,; or B,;. They
satisfy the gauge algebra [44], 40], [47]

[Zm, 2Zn) = fJ\IjINZP + HynpX",
200, 0] = A7 1 QN 2, (315)
[XM7XN] _ QnyP + RMNPZP.

This algebra is also called Roytenberg-algebra [4§].

The structure constants H correspond to the H = dB fluxes and the geometric f-
flux corresponds to fluxes of the metric. This interpretation is justified since the action
of the gauged supergravity matches the action that is obtained from a Scherk Schwarz
compactification on a twisted torus with additional H flux [49, 46]. Let us mention that
in a Scherk-Schwarz compactification, the Z are the internal vielbein.

To interpret () and R it is helpful to remember that the above gauge algebra naturally
appears in the flux formulation of double field theory [50, 51]. There the Z are the internal
vielbein and their T-dual winding vielbein are X. Under T-duality Z and & are inter-
changed. Therefore () and R are the T-dual fluxes to the geometric fluxes and correspond
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to winding fluxes. As such, the non-geometric fluxes cannot be obtained by a geometric
compactification, but rather appear from a generalized Scherk-Schwarz reduction of double
field theory [52] 53], 50, 511, [54].

There are attempts to find a geometric understanding of non-geometric backgrounds.
Let us explain their general idea by first looking at a constant H-flux. Say we have such
a flux around an S with coordinate z ~ z + 1. To have a constant H-flux the B field
must be linear in z, thus B ~ x. We infer that going around the circle amounts to an
internal gauge transformation of the B field B — B+2nn that from the 10 — D-dimensional
viewpoint is a O(D, D) transformation. Therefore, turning on an internal flux amounts to
non-trivial monodromies in the global symmetry group.

This idea can be generalized to arbitrary monodromies in any duality or symmetry
group, see e.g. the old work about U-folds [55], non-geometric K3 [56] or the more recent
publication [57]. In case of the @-flux background, Hull collected evidence that a Q-flux
backround arises from compactifications on manifolds, whose transition functions incoorpo-
rate the non-geometric T-dualities. This is possible, since the isometry group of the torus
O(D, D) contains not only the geometric transformations but also T-dualities. A similar
geometric notion seems impossible for R-flux backgrounds, where the local geometry seems
to break down, see chapter

3.1.3 (Asymmetric) Torus orbifolds

The monodromy picture is very useful to construct corresponding conformal field theories.
Using orbifolds we can construct CF'Ts that have a certain monodromy. For instance we
take the known CFT of a TP~! x S! compactification and orbifold it with the twist

9(y) = exp (%) : (3.1.6)

where y ~ y + 27 is the coordinate along the S* and M € O(D — 1, D — 1). The orbifold
imposes the monodromy e along the circle. As usual, orbifolding has two effects. First
it will produce new states from the twisted sectors and secondly, some of the states are
projected out.

The above twist does only depend on the coordinate y = yr, + yg but not on the dual
coordinate y = y;, — yr. Indeed, the above twist results in a flux configuration that only
superficially contains non-geometric fluxes. But a closer look reveals that there is a duality
frame in which only geometric fluxes appear. To capture truly non-geometric fluxes, we
instead have to orbifold with a twist

9(y,9) = exp (%) exp (%) (3.1.7)

where M € O(D—1, D—1) denotes the dual monodromy. Since M and M are independent
the orbifold acts differently on the left- and right-movers. As such this is an asymmetric
torodial orbifold. There is plenty of literature about these orbifolds [58, 59, [60] 6], 62] 63,
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64], showing the relation between gaugings in maximal supergravity and (asymmetric) torus
orbifolds. This consideration connects the two standard ways to stabilize moduli, fluxes
and (asymmetric) orbifold. Going further, a natural conjecture is that both procedures are
actually two sides of the same medal, namely the target space and worldsheet perspective
of the same mechanism.

3.2 Asymmetric Gepner models with N = 1 super-
symmetry

Having looked at asymmetric toroidal orbifolds and observing the connection to gauged
supergravities we asked ourselves how far this correspondence reaches. Might it be that
asymmetric CFT are in general the full string solutions to gauged supergravities?

To check this conjecture in another setup, we left the framework of gauged maximal
supergravities in favor of Gepner models. Instead of orbifolds we will use the simple current
technique to construct left-right asymmetric Gepner models.E] In this chapter we will always
add a single simple current with non-trivial entries only in one minimal factor to keep the
resulting spectrum as clear as possible. The partition function is

Zacrr(1,7) ~ X7 (1) M(Jacrr) M(Jaso) HM(Ji)X’(F)‘ . (3.2.1)

r=1 ¢bsm

We choose the left-right asymmetric simple current Jacpr in such a way that the resulting
model has N' =1 target space supersymmetry. The N' = 1 multiplets arise from the CFT
perspective as follows. Orbits of the form

(h=3/8)(s) ® [(F = 1/2,3 = 1)(0) + (= 3/3,3 = —1/2)(s)| (3.2.2)

(h =3/8)(c) @ :(h —1/2.3=1)(0) + (h = 3/8,3 = ~1/2)(s)] (3.2.3)

to massless R-R axion-like chiral multiplets and
(h=1/2)(0) & [(ﬁ =1/2,5=1)(0) + (h = 3/8,7 = —1/2)(s) (3.2.4)

to massless NS-NS chiral multiplets.

Since pure Gepner models have N’ = 2 target space supersymmetry our first guess is
that these asymmetric Gepner models correspond to an N = 1 Minkowski vacuum of an
N = 2 gauged supergravity of IIB reduced on a certain Calabi-Yau manifold. To compare
the asymmetric Gepner models with a gauged N = 2 supergravity it is clear, that in a

"'We use only left-right asymmetric simple currents since in this case we can exclude a simple explanation
in terms of an ungauged N = 2 supergravity of a Calabi-Yau compactification.
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first step we have to find the NV = 2 supergravity. How to find these will be demonstrated
in several examples in the following section in the following way: The remaining N’ = 1
spectrum still shows a remnant of a weighted projective space. Using this data we are able
to reconstruct the Calabi-Yau of the A/ = 2 supergravity.

3.2.1 0Odd level ACFT models

Let us start with a class of simple currents that essentially appeared in [65, 66, 67]. It
requires a minimal factor with odd level. Taking the first minimal model to be odd the
simple current is

Jacer = (0 ky +2 1)(000)* (c). (3.2.5)

Notice that this simple current is in the R-sector and therefore mixes R and NS sector
between the first minimal model and the others. It therefore does not commute with J;
and in this way changes the right-moving target space supersymmetry.

The quintic example

In a first example let us extend the quintic Gepner model having k = 3% with
Jacrr = (05 1)(000)* (c), (3.2.6)

resulting in a model with N' = 1 target space supersymmetry. If we had chosen an s in
the §0(2); factor, we would instead have gotten an enhancement, N = Nz = 2. This
shows that a simple current that mixes R and NS sector does not necessarily break the
left-moving worldsheet supersymmetry to zero. As such we can still have a type II model
where the N = 1 supercurrent is hidden off-diagonally in the five minimal models.

The massless spectrum is

1x(6,0) + (Ny, Nax:No) = (80,0:74). (3.2.7)

To get a clue about the complex structure moduli space that encodes the weighted projec-
tive space we summarized the vectors in [3.1} In the first four lines we see that the states
in the last four minimal models are unaffected by the simple current as it acts only on
the first factor. These four minimal models still behave like variables of weight one that
are combined into monomials of degree five. We called them {xs, z3, 24,25} in the table.
When demanding that the remaining states form monomials of degree five as well, we have
to split the first minimal factor into two variables {yo, 41} both of degree two to get the
combinatorics correctly. It is natural to conjecture that the Calabi-Yau

Macrr = P1111,22[5 3] (3.2.8)

[t Rk it ]
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state polynom. rep. deg.

(011)(341)(231)(011)%(s) 73 22 12
(011)(341)(121)2(011)(s) x3xj w 12
(011)(23 1)2(121)(011)(s) 2222 12

(011)(231)(121)3%s) ;T T 4

(121)(300)(000)3(s)+

(231)(341)(011)3(s) 23 Y 2x4=28
(121)(200)(100)(000)(s)+

(231)(341)(011)3(s) T T Y, 2x12=24

(121)(100)%(000)(s)+

(231)(121)2(011)(s) T Tj Tk Ym 2x4=28

Table 3.1: Combinatorics of the Ny = 80 massless vectors.

has something to do with this model] While the weights and the polynomial constraint
of degree five follow from the CFT spectrum, the other constraint with degree three is not
visible in the spectrum, but follows from the Calabi-Yau condition(2.6.8). Notice that it
is expected that parts of the spectrum of the full Calabi-Yau compactification cannot be
visible in the broken A/ = 1 minimum since they become massive during the supersymmetry
breaking.

This example is encouraging for two reasons. First, the A/ = 1 model still reveals
the structure of a weighted projective space. Secondly, the Hodge numbers of the corre-
sponding Calabi-Yau computed around are (h%? hM) = (83,2). Expecting that
the supersymmetry breaking happens at least partly with a Stiickelberg mechanism that
eliminates vector/hyper pairs, the data of the Calabi-Yau fits the 80 vectors of the Gepner
model intriguingly well. This is enough motivation to look for more examples. Let us
first collect the Gepner models and then proceed with a more detailed comparison to the
supergravity expectations.

General form

To generalize the first result we take an arbitrary Gepner model with an odd factor k& =
(20 — 1, ko, k3, k4, ks). When having only A-invariants the polynomial constraint is

Q2L ka2 ka2 ka2 | kst2 (3.2.9)
1 2 3 4 5
in

MGep =P 4 _d __d__d_ L[d] ) (3.2.10)

(21+1) ' ko2 k3+2 ky+2 kg +2

2Notice that the simple current drastically altered the geometric interpretation and the new Calabi-Yau
has nothing to do with the quintic, in particular it is not a broken quintic model. Such a behaviour is
known from the D-invariants as demonstrated the end of section



62 3. Conformal field theories for non-geometric backgrounds

with d = lem{2l + 1, ks + 2, k3 + 2, ks + 2, ks + 2}. Adding the simple current we
find, similar to [66l [67], that the first variable gets split into two variables (o, y1) of weight
wo = 2d/(2l + 1) and wy; = ld/(2] + 1). The corresponding broken N = 2 supergravity
should therefore be the one of type IIB on the Calabi-Yau

QI+1)’ (21+1) " kg+2 k3 +2 kg +2 k512

Macrr =P oo o o 0 o [d 53] (3.2.11)

To get more examples we can also add D-invariants in an even factor, say k4 = 2k. Fol-
lowing section we get

[d d“*”} , (3.2.12)

Macrr = P24 id d d d dk @i+1)

QI+1)° (21+1) " kg+2 ' k3 +2’ k+12(k+1)

where d = lem{2l + 1, ko + 2, k3 + 2,k + 1}.

Using a small computer program we scanned the list of complete intersection Calabi-
Yau [38] for examples that are of the above type. The full list is summarized in
As one can see we can only relate few ACFTs to that huge list of gauged supergravities.
When trying to resolve other Calabi-Yau we extracted from other asymmetric Gepner mod-
els, the corresponding complete intersection Calabi-Yaus mostly turn out to not intersect
transversally.

Gepner | (Ny, Nax, No) CICY
(33333) (80,0,74) Py11122[5 3](83,2)
(55512p) 86, 2, 80 P11,1.2,33[7 4](20,3)

( )
(555124) | (86,2,80) | Piosasr[14 8]ss
( )

(T7711) 74,2,70) | Pri2s3409 5750

Table 3.2: Examples with an asymmetric simple current in the first (odd) factor.

3.2.2 Level six ACFT Model

Next we consider models in which we add a simple current to a factor with even level.
Unfortunately we could not find a similar rule as before so we can only present particular
examples. We start with (64,64,64,6p) extended by the simple current

Jacrr = (04 0)(000)% (v). (3.2.13)

This simple current is essentially JZ and indeed commutes with all the J; being a pure
NS-NS state. The simple current breaks supersymmetry by being non-local w.r.t. to Jgso
(2.8.5). Being local with respect to the J; is reflected in the spectrum that showed no
mixing between NS and R sectors such that the N = 1 supercurrent is still the sum of
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the individual supercurrents. Notice that this fact is unrelated to number of target space
supercharges.
The resulting model has N' = 1 target space supersymmetry and the massless spectrum

(Ny, N : No) = (60,4 64). (3.2.14)

Let us take a closer look at the spectrum in table to see whether we can deduce a
Calabi-Yau. The pure Gepner model corresponds to Mge, = Py1.1.23[8]1%2?. Since we
add the simple current in the first factor, we expect the three weights from the other
minimal models to be unaffected. Having this in mind we infer that these factors form
monomials of degree seven. Forcing the other states to form monomials degree seven as well
fixes the weight of the first variable to four. To correctly capture the twofold degeneracy

’ State ‘ polynom. rep. deg.
120)(671)(121)(011)(s) | saabz; |2x2=4
(121)(561)231)(011)(s) | seafa? |2x2=14
(121)A51)B41)011)(s) | seata? |2x2=4
(121)(341)(011)(01 1)(s) satz | 2x2=4
(121)(231)(121)(011)(s) | saala;z | 2x2=4
121)(G6DO0L1)(231)(s) | sealv |2x2=4
(121)(451)(121)(231)(s) Sa TiT;v 2x2=4
(121)(351)(221)(231)(s) | sazta?v |2x2=14
121)(12D)011)231)(s)| sazivz |2x2=4
121)A5D)011D)(B341)(s) | seziw |2x2=4
(121)(341)(121)B41)(s) | seadzyw |2x2=4
(121)(231)(231)(341)(s) | saz?ziw [2x1=2
(121)(011)(011)(341)(s) St 2 2% 1=2
(121)(341)(011)(451)(s) So T3 V2 2x2=4
(121)(241)(121)(451)(s) So T3 TV 2x2=4
(121)(L L1001 1)(671)(s) | s0aiwi(~0v?) |2x2=4

Table 3.3: Combinatorics of the Ny = 60 massless vectors

we introduce the factor s, with a = 0,1 into the corresponding monomials. To conclude
the proposal for the underlying (fluxed) Calabi-Yau threefold is

P11234 7 4
Macrr = 1P , 3.2.15
ACFT ]P)Ll 11 ( )

i.e. a complete intersection in a product of weighted projective spaces. The Hodge numbers
of the resolved CICY are computed in (2.7.14)) to be (h*! A1) = (62,6).
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3.2.3 Level ten ACFT model

The last example is the Gepner model with levels (10,10,4,4). The pure Gepner model
describes IIB on the Calabi-Yau Mgep = P11226[12]. We extend the model with the
simple current

Jacrr = (04 0)(0 00)% (v) (3.2.16)
to get an AV = 1 Minkowski vacuum with the spectrum
(N, Naw; No) = (59,5 :68) . (3.2.17)

In[3.4]we list the degree of the three unfacted variables {zo, x5, 24} that have weight {1, 2,2}
A closer inspection reveals two types of states. The first type of states {11, 7,3} is already

polynom. rep. | deg.
p11(x) 18
p1o(T) 19
pr(z) 10 +2
pa(x) 6
ps(z) 3

Table 3.4: The Ny = 59 massless vectors sorted according to py(z) where d is the degree
from the three unaffected variables x», x3, z4.

present in the unmodified Gepner model while the second type of states {10,7,4} arises
as twisted sector of the simple current. We therefore introduce two variables of weight
three and four. Furthermore, due to the maximal degree of the monomials, 11 and 10, we
suggest as corresponding gauged supergravity the Calabi-Yau threefold

Macrr = P1a2349[11 10]. (3.2.18)

77777

Employing the methods from section or consulting the list [38], the Hodge numbers are
(h*%, A1) = (66,8).

3.3 Partial supersymmetry breaking of N = 2 gauged
supergravity

In the previous chapter we have examined certain Gepner models with a left-right asym-
metric simple current extension. They had AV = 1 target supersymmetry and still displayed
the structure of an underlying Calabi-Yau manifold. The idea is that the these CFT's cor-
respond to N = 1 Minkowski vacua of the N' = 2 supergravity from the corresponding
Calabi-Yau compactification when NS-NS gaugings are turned on. To compare the CFT
and the gauged supergravity side, the following section will review flux compactifications
of IIB, thus N' = 2 gauged supergravities, and their partial supersymmetry breaking.
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3.3.1 N =2 gauged supergravity

We start with gauging the A/ = 2 supergravity of type IIB compactified on a Calabi-
Yau threefold. We will use the notation of section where we reviewed the ungauged
spectrum. The NS-NS gaugings can be collected into a (2h%! + 2) x (2h'! 4 2) matrix

[68, [69, [70]
A
A" faa
O = <~AA . ) . (3.3.1)
/R
The H-flux and its T-dual, the R-flux, are encoded in this matrix as
fAOIhA7 onzilAa
: ) (3.3.2)
0’ = s, gt =7t

Having gauged certain global symmetries along the 2h%! + 3 axionic directions {£4, €a, qz;},
the transformation under a gauge parameter A being a (2h%! + 2)-dimensional vector is

5(§>:d)\, =2=-0"-N, d9p==-X".C-0-E, (3.3.3)
where
. 1
O—c.0.C" 0=<0]1 +O> (3.3.4)

From another viewpoint [711 [68] [69] the fluxes arise as a defect of the former closed cycles
to be closed after perturbing. From the nilpotency of the exterior derivative one can derive
the Bianchi identities/quadratic constraints

or.0=0, 0-0"=0. (3.3.5)

Due to gauging n = rank(O) + A gauge fields become massive through the Stiickelberg
mechanism by eating up some of the axions. A is 0 or 1 depending on whether the NS-NS
axion qg is gauged or not. After integrating out these n gauge fields, the scalar potential
induced by the gaugings is [68], 69} [70, [72]

[1]

1 . .
V= JE0"-M-O.

e=2¢ ~ ~ =
+TV1T-(’)T~M1-O-V1

20 B (3.3.6)
+_2 Vi -O-My-07 -V,

e~ 2¢

~ _T J— ~ —_
o VQT.C.O.(levl+v1><v1T).OT~CT~v2.
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Notice that the potential does not depend on the NS-NS axion ¢. Gauge invariance of this
scalar potential is ensured by

H(0-E)=-0-0"-A=0. (3.3.7)

In addition to the n R-R axions and possibly the NS-NS axion ¢ the remaining axions can
obtain a mass from the scalar potential (3.3.6). But since O - = the scalar potential can
depend on at most h'! + 1 axions for h'? > hbl. Therefore at most hb! + 1 additional
axions can become massive due to the scalar potential.

This scalar potential can be derived by dimensional reduction of double field theory
[72] on a Calabi-Yau manifold when perturbing the compactification with fluxes. Another
way is to extend the usual Calabi-Yau compactification with geometric fluxes with their
mirror duals [68] [69]. This results in the notion of SU(3) x SU(3) compactifications.

3.3.2 Partial supersymmetry breaking

In the following chapter we will review the existence of A/ = 1 minima in the superpotential
. Actually, whether such a minimum exists was under heavy debate for a long time
but finally settled in a series of papers [73], 74, [75]. Let us directly mention a very important
result from their paper: A N’ = 1 vacuum can only exist for simultaneous geometric and
non-geometric gaugings.

Let us deduce quantitative bounds on the N' = 1 spectrum. For this recall the N' =1
multiplets

massless N = 1 gravity Gay=1-[2]+1-[2] = (2)p + (2)¢,
massless N' = 1 vector Viy =1-[1]+1-[3] = (2), + (2)s,
massless N' = 1 chiral Cay =1-[3]+2-[0] =2+ 2,

(3.3.8)
massive "= 1spin-3/2 Sy =1-3]+2-[1]+1-[3] = 1)+ (6), + (2)s,
massive N' = 1 vector Vay=1-1]4+2-[3]+1-[0] = 3) + (4)s + (1),
massive N = 1 chiral Cay=1-[1+2-0] = (2 + (2)p-

The breaking mechanism in [73] [74, [75] follows a two-step procedure. In a first step the
actual supersymmetry breaking occurs and exactly one of the N' = 2 gravitinos becomes
massive while the other one stays massless. Still having N' = 1 supersymmetry, the massive
gravitino will go into an A/ = 1 massive gravitino multiplet. Since this contains two massive
vectors, two of the massless vectors have to become massive, too, by eating up two axions
via the Stiickelberg mechanism. Whether the NS-NS axion ¢ takes part in the breaking
depends on the actual gaugings that induce the breaking. Additionally two axions that we
call ¢; o are fixed by the complex valued relation

(64— Gapé®)D* =0, (3.3.9)
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where G 4p = 040G is the metric computed from the prepotential G of the Kahler moduli.
D4 is a constant complex vector that carries the information about the A" = 1 minimum.
An important aspect here is that, being a quadratic, one can imagine a situation
in which (3.3.9) does not fix two but only one additional axion. We therefore assume
that k; € {1,2} axions are fixed. To summarize, we started with h'? + 1 gauge fields
and 2(h™' + 1) + 1 real axions. After the first step we are left with Ny = h'? — 1 and
Nreal = opbl 1 — k) massless real axions.

In the second step we take the effect of all those gaugings into account that did not
directly participate in the breaking. Already being in an A/ = 1 minimum this computation
occurs purely in N' = 1 supergravity. The additional n — 2 gaugings can make n — 2 gauge
fields massive by the Stiickelberg mechanism. In course the axions that are eaten up by
the gauge fields become massive, too.

Furthermore one gets an F- and a D-term potential where the F-term is independent
of the axions. It is therefore enough to look at the D-terms. Since we search for a su-
persymmetric Minkowski vacuum the D-term has to vanish, giving n — 2 real condition.
This sets an upper bound on the number of axions ky that can become massive with this
mechanism.

Since there is no further condition that the remaining axions have to satisfy we can
summarize everything. We get Ny = h1? —n + 1 remaining vectors and N = 2pb1 —n 4+
3—ky1—ky massless axions. Now recall that we need at least two gaugings for supersymmetry
breaking but have at most h%' 4+14 A gaugings, A = 1 if there is gauging along the NS-NS
acion ¢ and A = 0 otherwise. Therefore

¥t — hM A< Ny < B 1. (3.3.10)
Similarly we get for the number of axions
2(hMt — ¥t 4 Ny) + 1 < N < opbt — 2t 4 Ny 1. (3.3.11)

In case the NS-NS axion is gauged the number of complex R-R axions is N, = NIl /2. If
the NS-NS axion is remains massless there are N,, = (N — 1)/2 complex R-R axions.
We find

Ny — Ny < h*1 —pbt — A (3.3.12)
and
Ny — 2N, > k>t —2pb — A (3.3.13)

Notice that the NS-NS dilaton ¢ stays massless.

3.3.3 Validity of an N =2 GSUGRA with non-geometric fluxes

This section comments on the validity of these considerations and whether we can really
compare an N = 2 gauged supergravity with the findings in the asymmetric Gepner models.
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While unambiguous from the pure supergravity viewpoint, these questions arise when the
gauged supergravity is interpreted as the effective action of a string theory vacuum. From
this perspective, the four-dimensional N/ = 2 supergravity captures only the massless
part of the full spectrum. Kaluza-Klein and higher spin modes are integrated out and
o corrections not taken into account. Furthermore, gaugings correspond to fluxes in the
internal geometry whose backreaction is neglected in the effective supergravity theory. Let
us discuss these issues.

Vectors being protected by symmetry, the relevant question for us regarding o/ correc-
tions is whether they can produce additional axionic mass terms that we miss in the above
consideration. The hope is that axionic mass terms are constrained due to the axionic shift
symmetry. This symmetry is inherited from the 10D gauge invariance of the p-forms and
should therefore not be broken by o’ corrections. While fluxes can break the shift symme-
try, they do it in a controlled way as shown in [76] [77]. In fact there is still a remnant of
the shift symmetry: Any shift in the axion can be compensated by an appropriate shift in
the flux. Being a left over of the gauge invariance, also this modified shift symmetry should
hold in any order in o'. Based on that, [0, [77] argues that the higher order corrections
are functions of the tree level potential

V = Wree(gbi) + Vo/ (%ree<¢i)) . (3314)

This means that the tree level considerations are enough and no further mass terms are
expected to come from o/ corrections. How strictly this scheme applies to string theory is
under current investigation [78, [79] but it is common sense that additional mass terms are
rather constrained.

A second source for axionic mass terms for the axion could be non-perturbative cor-
rections. For the R-R axions these would be D-brane instantons that are non-perturbative
in the string coupling. They cannot be captured by the CFT that usually can only see
non-perturbative effects in ', like the worldsheet instantons.

However remember that in Gepner models all masses scale with o’ such that there is
no hierarchy between the massive string modes, KK modes and the massive moduli. There
could therefore be subtle effects e.g. by couplings to massive KK-modes that generate mass
terms for R-R axions that are cannot be foreseen by the gauged supergravity.

Let us come to the next possible problem, the backreaction. Recall that the gaugings
correspond to fluxes from the string theory viewpoint. More precisely one takes a Calabi-
Yau compactification of string theory and perturbs it with fluxes. Every flux has an energy
and therefore a backreaction onto the geometry that must be small to have a trustworthy
perturbation. This is the case if the energy density of the fluxes appearing in Einstein’s
equation becomes negligible. The problem in realizing a small flux density is that the
fluxes cannot be tuned arbitrarily small due to Diracs charge quantization fixing the fluxes
to discrete values. To overcome this obstacle one usually tunes the cycle the flux is living
on very large. In this way the energy stays constant but the energy density and therefore
the backreaction decreases. This limit in which the perturbation can be trusted is called
dilute flux limat.
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Let us check whether there is a parameter regime in which the backreaction of the
non-geometric fluxes becomes negligible. In the course of the computation we will also
gain arguments why o’ corrections are suppressed. We will follow the discussion of [5] also
of the author. They analyze the phenomenology of type IIB orientifold compactifications
with non-geometric fluxes and R-R Fj flux. This is not exactly the setting we encounter
here. We will nevertheless use this setup since the key result will be independent of the
F3 flux. The F3 flux makes it possible to have a clear scaling structure and all scales come
out as ratios of the fluxes. Therefore all results are very easily interpretable. We will only
discuss the easiest example since the results do not change for more involved models.

The moduli of the example we look at are the axiodilaton S and a single Kéhler modulus
T where their saxionic parts s = e~ and t ~ V?/3 encode the dilaton and the volume. To
stabilize the moduli we add H-, Q- and Fj fluxes with flux quanta h, ¢, and f3 respectively.
In any minimum, an overall flux scaling dictates the saxionic parts of the moduli to scale
as § ~ % and t ~ %3. To trust the supergravity approximation we need to have small string
coupling and large volume, therefore |g|, |h| << |fs] thus |f3| >> 1 while |h|, |¢| ~ O(1).

The uncompactified action of the fluxes is the one of the flux formulation of double

field theory [50, 80} 51]

1
2%%0

S /dl% V=g (EHH + L9944 £99 + £HO LR*R) . (3.3.15)

The various contributions are

—¢ L 1 .
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E?Q = _ZQkJ Q" gii’gjj’gkk ) £§2Q = _EQm Q™ giv (3.3.16)
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12

The reduction of this action on a threefold results in the one of N’ = 2 gauged supergravity
(3.3.6) [72]. The metric scales with the third root of the volume g ~ 1/ f3/q such that all
terms in the action have the common scaling
HH Q@  p0Q  poi _ prer | he?
s

In the perturbative regime |q|, |h| << |f3] the action becomes small. Since this action is
the contraction of a generalized Riemann tensor and higher corrections are supposed to
come in higher powers in this generalized Riemann tensor we conclude that o’ corrections
are suppressed. Notice that here the R-R flux appears but also when it is absent one can
show for several examples that there is always a limit in which the generalized Ricci scalar
becomes small [8T].
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Let us turn to the backreaction that is measured by the energy momentum tensor

T = \/%79 6‘;%. We get an overall scaling that is now independent of the R-R flux
H _
THH ~ TR~ T2 ~ T ~ TR~ hg. (3.3.18)

h and ¢ being quantized the backreaction is of order one, therefore not severely large but
still there is no controlled limit in which the backreaction is negligible. Also heuristically
a backreaction is expected. Non-geometric fluxes as the T-duals of the usual fluxes are
supposed to correspond to wound string backgrounds. While strings with momentum tend
to expand a cycle, wound strings shrink a cycle [82, 83]. Therefore non-geometric fluxes on
a cycle are expected to backreact on the cycle by shrinking it towards the self-dual radius.

When a cycle becomes small due to a flux, the winding modes of that cycle become
lighter. A possible problem appears if they become even lighter than the scalars that have
gotten their mass through the fluxes. Furthermore in the above model the Kaluza-Klein
scale Mk is parametrically of the same order as the mass of the moduli Mk /Mpoa ~
(hq)_l/ 2. By choosing h > ¢ we can at least tune the string scale up such that indeed
higher spin modes are correctly integrated out. Nevertheless if we miss some modes, the
gauged supergravity cannot be the effective action that describes the dynamics up to a
certain energy scale.

Still, the gauged supergravity has the potential to describe the massless modes kine-
matically’| Since the different cycles of a Calabi-Yau are rather independent, the massless
modes from the unaffected cycles should stay massless regardless of fluxes on other cycles.
Furthermore, the modes that have gotten a mass from the fluxes, the winding modes as
well as the KK modes might might get rather low but still stay massive along the backreac-
tion. One can subsume this by saying that the kinematic spectrum is preserved along the
adjustments. More technically, the topological data, thus the number of closed and (due to
fluxes, see e.g. |71} 168, 69]) unclosed cycles is preserved. In this way the number of massless
modes might be predicted correctly by the gauged supergravity while the dynamics of the
breaking are not captured.

The massless spectrum is exactly the data that we can unambiguously extract from
Gepner models as well. Gepner models are at a point in moduli space where all massive
modes have a mass of order o’ and there is no way to distinguish massive modes according
to their origin. Therefore we restricted to the massless modes in the discussion in the last
section.

To summarize, while a gauged supergravity seems not to be the correct effective action
when turning on non-geometric fluxes it might still have predictive power in the sense that
the massless modes are correctly foreseen. Since this is the quantity that can be compared
to the CF'T spectra, we have hope that we can find an agreement. The comparison might
show discrepancies since additional mass terms of axions could be generated.

3With this we mean that the number of massless and massive degrees of freedom is predicted correctly.
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3.4 Comparison of ACFTs and GSUGRA

We are ready to compare the asymmetric Gepner models of section to the gauged
supergravity predictions (3.3.10)), (3.3.12) and (3.3.13). We summarized the results in
table 3.5

Gepner | (Ny, Nug, No) | (h*1 A1) constraints

(33333) | (80,0,74) (83,2) | Ny — Nay <8L—A
Ny — 2N, > 79 — A
81 — A < Ny <82
(55512p) |  (86,2,80) (89,3) | Ny — Nay <86—A
Ny — 2N > 83— A

86 — A < Ny < 88
(555124) | (86,2,80) (88,4) | Ny — Ny <84—A
Ny — 2N, > 80 — A
84— A < Ny <87
(7T7711) | (74,2,70) (75,6) | Ny — Ny <69 — A
Ny — 2N, > 63 — A
69— A< Ny <74
(6666p) | (60,4,64) (62,6) | Ny — Nax < 56— A
Ny — 2N, > 50 — A
56 — A < Ny <61
(101044) | (59,5, 68) (66,8) | Ny — Nay <58 —A
Ny — 2N, > 50 — A

Table 3.5:  Comparison of the ACFTs with the corresponding GSUGRA. The dashed
conditions are satisfied if only one of the R-R-axions (; » remains massless after being fixed
by (3.3.9). The underlined condition is a priori not satisfied but would be, if we allow for

additional axion mass terms by other effects.

As one can see, the data from the asymmetric Gepner models and the gauged super-
gravity show a huge correlation. Notice that the bounds from the inequalities are in fact
very narrow, for instance in the first example the bounds allow only six combinations of
Ny and Nay. In the whole list only one inequality is not satisfied, but would be if the
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model had few more massless axions. Recalling the discussion of the last section that the
generation of extra mass terms for axions is expected. It is therefore rather a surprise that
only one relation is violated.

Also general expectations are fulfilled. The universal chiral multiplet from the vacuum
sector of the CFT is the perfect candidate to host the dilaton and the dual of the B field,
that both cannot generate a mass from the gauged supergravity viewpoint. Furthermore,
conformal field theories that yield N' = 1 target space supersymmetry are necessarily left-
right asymmetric and therefore non-geometric. This is reflected in the fact that the N’ =1
vacua appear only for simultaneous geometric and non-geometric fluxes.

These results are very encouraging and motivate us to the conjecture:

Certain Gepner models with asymmetric simple current extensions describe
the fully backreacted solutions to partially broken N = 2 gauged
supergravities.

This is the main result of this thesis. Let us list the consequences of this conjecture
e Partial supersymmetry breaking is possible up to all orders in «’.
e Minima of gauged supergravity can lift to full string solutions.

e The strong constraint violating non-geometric fluxes are part of the string landscape
and correspond to asymmetric conformal field theories.



Chapter 4

Asymmetric (Gepner models with
extended supersymmetry

In section [3| we found very encouraging hints that asymmetric Gepner models could actu-
ally be identified with N' = 2 gauged supergravities. Unfortunately, the identification of
the underlying supergravity theory does not rely on an unambiguous procedure. Further-
more we could only compare the CFT data with inequalities derived from supergravity.
The natural next step is to provide further evidence for the ACFT/GSUGRA conjecture.
Instead of searching for more N'= 2 — N = 1 examples we will change to a setting that
is better under control and seek for more evidence there.

When having extended supersymmetry with eight or more supercharges the existence
of a superpotential is forbidden. The consequence is that mass terms can only be generated
via the super-Higgs effect [84, [R5 86l 87]. In the super-Higgs effect the number of degrees
of freedom is a conserved quantity such that the uncertainties in the breaking mechanism
become equalities. Notice that this statement holds presumably for all orders in o’. Asym-
metric Gepner models with extended supersymmetry can therefore be compared to very
clean expectations from the supergravity side. When furthermore increasing the dimen-
sions to 6D or 8D there are no NS-NS gaugings at all. A heuristic reason for this is that
the NS-NS fluxes have three legs that cannot be supported neither in 8D nor in the 6D
supergravity of type II on K3. While supportable on the supergravity of type II on T* an
analysis of the spectrum shows that supersymmetry cannot be broken in this case either.

To collect convincing evidence for the ACFT/GSUGRA correspondence we need to
check as many asymmetric Gepner models with extended supersymmetry in 4D, 6D and
8D as possible. With this intention we wrote a computer program to perform stochastic
searches over the landscape of asymmetric Gepner models. It turned out that the com-
puter program was actually so efficient that we are confident to say that we found a full
classification of asymmetric Gepner models with extended supersymmetry. We were able
to explain all classes of models by the following short list of mechanisms:

e Dimensional reduction of higher dimensional models.

e Special gauge enhancements as common for Gepner models.
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e Orbifolds containing a (—1)t factor. Being a fermionic action these CFTs cannot
have anything to do with supergravity plus NS-NS gaugings.

e The super-Higgs effect giving evidence for the ACFT/GSUGRA correspondence.

Examples for every type of model we found are stored under the URL [8§]

This chapter is structured as follows. First we will review the super-Higgs effect to see
what to expect from the supergravity side. Then we will state the CF'T setup and the
classification scheme. After that, in the third section, the classification and explanation of
all asymmetric Gepner models will be described. We provide details about the computer
program that performed the stochastic search in the appendix [A]

4.1 Super-Higgs effect

When having at least 8 supercharges, supersymmetry forbids the existence of a superpo-
tential. Therefore when turning on gaugings, the fields can only become massive through
the super-Higgs effect [84] 85, 86, 87]. This implies tight constraints on the allowed break-
ing patterns since the degrees of freedom of both theories must match. Let us explain this
mechanism in an example, all other cases can then be treated similarly using the list of
multiplets in appendix [B]

When taking N’ = 8 maximal supergravity in 4D the spectrum is

massless Gy =1-[2]+8-[2]+28-[1] + 56 [3] + 70 - [0]
= (2)p, + (16)¢ + (56)1, + (112); 4 (70)y,,

(4.1.1)

where the first line counts the number of fields of each spin and the second line counts the
degrees of freedom of each spin. Let us check whether a breaking to N' = 6 is possible.
The N = 6 supergravity multiplet is

massless Gey =1-[2]+6-[2]+16-[1]+26-[3] +30-[0] (4.12)
= (2)p + (12)f + (32)p, + (52); + (30)p,,
and the massive spin-3/2 supermultiplet is
i S =92.(]3 . L[ .
massive  S(g) = 2 ([2] +6-[1]+14- 1] +14 [0]) i

= (8)¢ + (36)1 + (56)¢ + (28)y, .

Since this is a %—BPS short multiplet, it has to come in pairs to guarantee CP'T invariance.
As one can see, the Ny spectrum can be decomposed into N/ = 6 multiplets

Q(g) — Q(ﬁ) + 2 X 3(6) . (4.1.4)
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Instead of looking at the concrete dynamics of N' =8 — N = 6 supersymmetry breaking
we only checked that the kinetic requirements are fulfilled. That is only a necessary but
not a sufficient criteria for the possibility of a breaking from N = 8 to N = 6.

For instance, a similar breaking to A/ = 5 is kinematically forbidden as one can check
by consulting the appendix [B| where all multiplets are collected.

4.2 Classification scheme and the CFT setup

For our analysis we add n additional simple currents to the partition function of the Gepner
model. The partition function is

T

Zacrr(r,7) ~ X (1) M(Jy) ... M(J) M(Jaso) [[ M(T:) X(7)

i=1 ¢bsm

(4.2.1)

where in the actual stochastic search the number of additional simple currents n was at
most five. The simple currents we added were chosen stochastically and had non-trivial
entries in all five minimal models.

Since we look for models with extended supersymmetry it is often more efficient to
use the following searching scheme. We first added enhancement simple currents to get a
certain amount of supersymmetry from the right-movers. While keeping the enhancement
simple currents fixed, we added further simple currents to get an asymmetric model. The
partition function is therefore

Zacrr(T,7) ~ X7 (1) M (Jorear) M (Jennance) M (Jaso) [[ M (J)X(7)

(4.2.2)

Let us state some examples of this procedure. Imaging that an enhancement simple current
gives the torus compactification in 4D with N, Ng = 4. Then the additional breaking
simple currents break the left-moving supersymmetry down to Nz, = 0, 1, 2 while N is still
four. Using this procedure we get models with A" = 6, 5,4 target space supersymmetry in
4D.

Another example is a Gepner model with £ = 1,3, 3,4,8. When adding a D-invariant
simple current , supersymmetry is enhanced to N7, N = 2. This corresponds to
the K3 x T? compactification of type II. Adding simple currents to break the left-moving
supersymmetry to Nz = 1,0 leaves the right-moving supersymmetry untouched such that
we get models with N' = 3,2 target space supersymmetry in 4D.

We will sort the models according to the number of non-compact directions D and the
amount of target space supersymmetry from the left and right N7, Ng. We collect this
information into the notation ? Nv Ny In 4D we will consider models that have at least
Nx > 2, in 6D and 8D models that have at least Nz > 1. Since the number of non-compact
dimensions D is always even, the number of supercharges is ) = 2% (NL + Ng). We will
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state the spectrum in the form

(nz(zo), n”, nd, ngo)>L ® (nq(JO)7 n{”,nd”, ”go))R supermultipl.
D . C C C C C C C C .
RIIYPYSE (ng),ng),ng),n(()))L ® (nf)),ng ),nﬁ),ng))R supermultipl.

The superscript (0) stands for the uncharged vacuum sector and (c¢) stands for the charged
sector. The subscript stands for the §0(D —2); representation (v, s, ¢, 0) which can be used
to deduce the target space interpretation following the rules on page |19,

Let us state the different vacuum sectors of one side in different dimensions and how
many gravitinos and additional fields they contribute. We use the notation from above
(Nyy Mg, Mgy M)

Gravitinos | Vacuum sector | Additional fields

8 1 (1,1,1,2) ]

0 (1,0,0,6) 6 vectors
6 2 (1,2,2,4) ]

1t (1,2,0,0) -

1- (1,0,2,0) :

0 (1,0,0,n) n vectors
4 4 (1,4,4,6) -

p (1,2,2,2) :

1 (1,1,1,0) ;

0 (1,0,0,n) n vectors

Combining left- and right-moving vacuum sectors of the above that we see that we can
have N' = 8,6,5,4,3,2,1 but not N' = 7 supersymmetry in 4D.

Supersymmetry also constraints the charged sector of the CFT. When one side con-
tributes more than eight supercharges, the charged sector is always empty. The remaining
non-trivial charged sectors are constrained are of the form

D | SUSY Charged sector

6 1+ (0,0,1,2)~ or (0,1,0,2)"

4 2 (0,1,1,2)
(0,0,1,1) and/or (0,1,0,1)

4.3 ACFTsin D=8

In case of 8 non-compact directions there are only three Gepner models with levels k =
(1,1,1), & = (1,4), k = (2,2). Most models we found have the spectrum of maximal
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N = 2 supergravity in 8 dimensions with only the gravity multiplet. Its bosonic massless
spectrum is

Gy =1-[2]+2-[5]+6-[1]+6-[3] +7-[0]+1-[ts]. (4.3.1)
On the CFT side this originates from
8 .
m[l,l] : {(17 17 17 2)L ® (17 17 17 2)R g(2) . (432)

These models correspond to the torus compactification of type II on T2.

The class "0

Only for the Gepner model with levels & = (2,2) we found another class of models. For
later reference let us state one of the many simple currents that induces this model

Jacer = (0,2,2)(0, —2,2)(v). (4.3.3)

The spectrum reveals an N’ = 1 supersymmetry where all states come from the vacuum
sector

Mo+ {(1,0,0,6),9(LLL2r Gy +6- Vo, (4.3.4)
The multiplets have the field content
Gy =1-[2J+1-[3]+2-[1J+1-[5]+1-[0]+1-[ts], (4.3.5)
and
Vay=1-[1] +1-[3]+2-[0]. (4.3.6)

A closer inspection of the vector mutiplets shows that they transform in the gauge group
SU(2) x SU(2).

Let us check whether this model can be interpreted as gauged N/ = 2 supergravity. For
this we decompose the N' = 2 supergravity multiplet in terms of ' = 1 multiplets as

G2 = Gy +Sm+(2—a)- Vo +a-Vy, (4.3.7)

where a = 0, 1,2 counts the number of massive vector multiplets. Clearly the model we
found cannot be interpreted as broken N = 2 supergravity. This was expected since the NS-
NS fluxes in string theory have three legs and can not be supported by a two-dimensional
compact space.

So either we have a counterexample to the ACFT/GSUGRA correspondence or we have
to find an alternative explanation. For this we remember the fact that the k = (2, 2) model
corresponds to the rectangular torus with radii at the self-dual radius. As such it is natural
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to consider asymmetric torus orbifolds. Since this ACFT cannot have a GSUGRA dual

with bosonic fluxes we focus on orbifolds with an fermionic action like (—1)%. Recall that

indeed simple currents are able to implement (—1)% orbifolds as can be seen in ([2.8.10)).
The partition function type IIB on the rectangular T? with r; = Vo' is

Zp2 = (Vs — S3)(1) (Vs — Ss)(7) Ag?ﬁ(T, 7), (4.3.8)

where we skipped the bosonic contribution 1/|n|'®. Vg, Og, Cg and Sy are the §0(8); char-
acters from (2.2.19) and A, 7 denotes the momentum and winding modes

2 (7 = 1 2i(mi—ni)® 53 30 (mitng)?
A7) = q;ﬁqz‘ gt : (4.3.9)
Let us take a look at the asymmetric orbifold

T2

As = (—1)FL SW

(4.3.10)

where S and W are defined by
S:(—1)Zimi = (=)™ W (=1)Zim = (=1)7, (4.3.11)

What the twisted sector looks like can be deduced by a modular S transformation which
exchanges O <> V and C' < S and shifts m and 7 by % The latter shift can also be
deduced by writing S and W as shift operators. The partition function is therefore

1 J— —
ZacrT = 3 (Ve —Ss)(Vs — SS)Aq(qu,)ﬁ
+(Vs — 95) (Vs + Ss) (—1)"*7 Agz)ﬁ
I (4.3.12)
+(Ve — Ss)(Os — Cg)A™7 4
m+§,n+§
+(Vs — Ss)(Os + C) (=)™ A(fl; T

Since (—1)** eliminates all left-moving R-R states the Vz ® Vg states are the only bosonic
massless modes in the untwisted sector. These 64 bosonic modes combine into the N =1
supergravity multiplet plus two vector multiplet. In the twisted sector we have Vi ® Og
such that we need an additional contribution from the rightmoving winding sector of the
form 6% to get a level-matched massless state. This contribution can only come from

(2 7 J(2m+1)2
Al Z 7> (4.3.13)

N\*—‘l
w\»—q

!'Notice that this is the spectrum of a broken A" = 2 supergravity
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There are four combinations m;, mys = 0,1 giving four A/ = 1 vector multiplets that are
the W*-bosons of an SU(2) x SU(2) gauge group whose Cartan generators are the two
vectors from the untwisted sector. This is enough evidence to come to the conclusion that
this orbifold is the *9%jp ;; model.

Similar models with a (—1)ft factor and shifts in the winding and/or momentum can
also be constructed in other dimensions. For instance in 4D such models are classified in
[89]. There they find models with [0, 4] supersymmetry and maximal gauge group SU(2)°.
Similarly in 6D one gets [0, 2] supersymmetry and gauge group SU(2)*. Since these models
will be important later let us give them a name, A,. Clearly due to the (—1)f% factor all
these models cannot have an interpretation as a supergravity with bosonic gaugings. They
are therefore perfect candidates if we find models that cannot arise as supergravity with
broken supersymmetry. All A; models have in common that part of the symmetry is
broken when going to the Coloumb branch.

Summary

We summarize the findings in 8D in the following table:

class spectrum realization
Ny G2) T

2
N1y | Gay + 6 V(Sll)]@) As

4.4 ACFTsin D =6

The class "N 9

To get maximal N = (2,2) supersymmetry one can either use simple currents or one takes
the pure model k£ = (1 ,2,2) without further simple currents giving the spectrum

Ny : {(1,2,2,4)L®(1,2,2,4)R o) . (4.4.1)

This vacuum sector correctly gives the N' = (2, 2) supergravity multiplet, see appendix
The target space interpretation of this model is type II on T*.

The classes 6‘)?[1,1]

The next model arises as pure k = (2,2,2,2) model. The field content is

(17072aO)L ® (17072aO)R g(0,2) +7EO,2) )

(4.4.2)
20 x [(0,0,1,2);, ® (0,0,1,2)g] 20 Toz)-

G‘J'I[Ll] (B) : {

In 6D, the existence of tensor multiplets is a signal for a chiral theory, in this case an
N = (2,0) theory. The target space interpretation is type IIB on a K3 surface. To obtain
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type ITA on a K3 surface we add the simple current (2.8.10) and obtain a model with

spectrum

(1727070)L ® (1707270>R g(l,l) )

(4.4.3)
20 x [(07 17 07 2)L ® (07 07 17 2)R] 20 - V(l,l) .

RUMICVE {

The class D y

When compactifying the A, model from the 8D classification on a T? we get half-maximal
supergravity in 6D. We can reproduce this model e.g. by taking & = (1,1,1,2,2) and
adding the simple current Jacpr = (0,0,0)3(0,2,2)(0, —2,2)(v) similar to (4.3.3). The

spectrum is
Moo {(1.0,0.8),® (L224) Gy +8 V. (4.4.4)

The vectors transform in SU(2) x SU(2) x U(1).

In the model k& = (2,2,2,2) we also found models with a different amount of left-moving
scalars in the vacuum sector leading to ny = 4, 8,12 vector multiplets. We interpret the
model with ny = 12 as the model Ag with its gauge group SU(2)? and the other models
of this series as lying on its Coloumb branch. The model with ny = 4 is the model with
the minimal gauge group U(1)?. The models having ny = 8 and ny = 12 with the gauge
groups SU(2)* x U(1)* and SU(2)* x U(1) lie in the middle. This explanation excludes
an interpretation as a gauged supergravity and indeed one can check that these models
cannot arise as broken N = (2,2) supergravity.

The class 0N

Lastly let us look at models with A/ = (1,0) target space supersymmetry. There we found
a single class of model. The spectrum is

;

(1,0,0,0);
(0,1,0,0);,
(0,0,1,0);,
20 x [(0,0,0,2)y,

(1,0,2,0)r Go1) + To,1)
(0,1,0,2)r] 8- T,
(0,1,0,2)r] 8-V,
(0,1,0,2)r] 20 Ho,1)-

0 8 x|
‘ﬁ[g,l] : 3 x [ (445)

R ] ) &

The vacuum orbit reveals the N' = (1,0) supersymmetry and the total matter spectrum is

This spectrum is anomaly free since it satisfies
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Actually we also find slight deviations from this model that had the modified vacuum
sector

(1,0,0,n); ® (1,0,2,0)R Go1) + To) +n- Vo (4.4.8)

where n = 0,1, 2, 3,4. Models with this spectrum have the same spectrum as above plus n
additional vector/hyper pairs such that the anomaly is still canceled. The difference to the
other vector and hypermultiplets is that these additional vector/hyper pairs arise in the
NS-NS sector. Because of that they have a non-trivial minimal coupling and the correlator
(vip1)) satisfies all selection rules. Therefore the hypermultiplet has a non-zero U(1) charge
under the additional vector field and these pairs can be made massive by the Higgs effect.
These are signals for a gauge enhancement.

Possible %91 ;; models

Assume we found a IIB model with the spectrum

(n%R—R +1, ng,R—R + nﬁNS—NS’ ng,R—R) (4.4.9)

Using charge conjugation we can deduce the spectrum of the associated IIA model. The
charge conjugation acts only on the R-R states by exchanging vectors and tensors while
the NS-NS states remain unaffected. The result is

A A A A
(n7r_r + 1My R _RTMYNS NS MHR-R)

= (n®

(4.4.10)
ve-r t 1, niR—R + nXB;,NS—NS ) ng,R—R) .

Clearly both, the IIB and the ITA model should be anomaly free and satisfy (4.4.7). From
this we conclude

A A
ana,/R—R = n\i/}{fR (4.4.11)

Actually combines two terms in the gravitational anomaly
Ag = aTe(RY) + 8(Tr R?)?, (4.4.12)
where
o~ 244 — 29 B B L B g LB g (4.4.13)

But in type II there are no Chern-Simons terms such that S should be zero right away.
From this we conclude

B/A B/A
Npen = Myen = 8. (4.4.14)
The anomaly fixes the remaining numbers precisely to the model we found up to additional
vector/hyper pairs in the NS-NS sector. It is therefore not at all a surprise that we
discovered only one type of model, but rather dictated by anomaly cancellation.
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Interpretation of °91y

Let us first check whether the model can be realized as a broken GSUGRA. It cannot be
the fluxed supergravity of a K3 compactification since the NS-NS fluxes have three legs and
the K3 does not have any three-cycles. Indeed when trying to decompose the N' = (2,0)
or N = (1,1) spectrum in N = (1, 0) multiplets we find

Goz) +nr - Tz = Gou) +2- 84 +nr-Toy +2nr - Hopy s

(4.4.15)
Gay +nv-Vay = Gon +2-Sgqy + Ton) +1v - Vo +2nv - Hoy -

The (0,2) — (0,1) breaking results in an anomalous N' = (1,0) theory and is therefore
forbidden. The (1,1) — (0,1) needs ny = 244 to be anomaly free, a number that is way
beyond the ny = 20 of ITA on K3.

The only chance is a broken N' = (2,2) supergravity since this comes from the T4
compactification which clearly has three-cycles. For this let us decompose the unique
N = (2,2) spectrum into A" = (1,0) multiplets

G2 — Go1) +4- S(J(r)’l) +2- 8(671) +8- Vo) +5:Tw1) +10-H, - (4.4.16)

Again the spectrum is anomalous excluding this breaking pattern to be visible in a CFT.

To find another realization let us first comment that when taking k£ = (2, 2,2, 2) we could
can realize the model using the simple current Jacrr = (0,0,0)2(0,1,1)%(v) or alternatively
Jacrr = (0,0,0)%(0,2,2)(0,—2,2)(c). They look very much like the simple currents
or that both implemented an (—1)f% action. Indeed in [56] they found an orbifold
realization of this model as asymmetric orbifold

4
o (4.4.17)
7 x4
where
O:z— —2z, i=1,2, (4.4.18)

and Z' = ©S(—1)'t where S is a momentum shift along a single S;. As expected, this
orbifold contains an (—1)f% action.

Summary

We summarize the classification of ACFTs in the following table:
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class spectrum beyond supergravity realization
N2 - 59011 on T?
%91,1)(B) 21 - T0,2) IIB on K3
501,11(A) 20 - Vi IIB on K3/(—1) = IIA on K3
RIOP (4,8,12) - Vi 1y Coulomb-branch: Ag
Ny 9-To +8+n) Vo gauge enhancement:
’ +(20 +n) - Ho.) T*/{0,05(—1)"}

As expected we did not find any model that can be explained by a gauged supergravity.
All models have a natural explanation in terms of asymmetric orbifolds with a fermionic
(—1)** action. Notice that, consistent with [90], we could not find an A = (1, 2) model.

4.5 ACFTsin D =4

Let us turn to the most interesting case. In case of four non-compact directions the internal
space can support fluxes so here we can really test the ACFT/GSUGRA conjecture. Our
starting point is always a model with at least 2 gravitinos coming from the right such that
the overall supersymmetry is N = 8,6,5,4,3,2. Notice that the models with N’ = 2 are
not genuine Calabi-Yau compactification since they are asymmetric with (N, Nz) = (0, 2)
supersymmetry.

The classes 4‘)’1[m74]
We begin in the k = (13,2%) Gepner model and extend it with the simple current
Jacrr = (0,0,0)%(0,1,1);(0,4,0)%(0,3,—1)*(0), (4.5.1)
giving maximal supergravity that we interpret as type II on a T®. The vacuum orbit is
I {(1,4,4, 6),®(1,4,4,6)r G . (4.5.2)
The N = 6 model can be realized by the simple current
Jacrr = (0,-2,0)(0,3,—1)(0, —2,2)(0,1,1)%(0,2,2)*(v), (4.5.3)
giving the spectrum
N - {(1, 2,2,2),® (1,4,4,6)r G . (4.5.4)

As discussed previously in section this model can kinematically be realized as broken
N = 8 supergravity. Alternatively there is an orbifold description T®/(Z% S) where ZZ is
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a leftmoving reflection on four of the internal coordinates while S is a Zy shift along the
orthogonal T2[91]. Notice that this orbifold is purely bosonic, in congruence with the other
interpretation where the breaking happens due to bosonic NS-NS fluxes.
Going down in this pattern is achieved when adding two simple currents at the same
time
Jacrr1 = (0,—1,1)(0,3,-1)(0,2,0)(0,4,0)(0,2,2)(0,1,1)(0,3, —1)(v),
Jacrr2 = (0,—1,1)(0,2,2)(0,2,0)(0, —1,—-1)(0,2,2)(0,1,1)(0,2,2)(0) ,

giving N = 5 supergravity with the spectrum
My {111,000 (14,468 G- (4.5.6)

The N = 5 supergravity cannot be explained in terms of a broken N' = 8 supergravity
since the field content does not fit. But there is the orbifold realization TS/(Z% S, ZL S).

(4.5.5)

The class *Dy 4

Although along the lines of the previous models, let us consider the models 4‘31[0,4] sepa-
rately. Similar as above their spectrum is purely uncharged and is coming from the NS-NS
sector

Moy {(1,0,0,0)© (144,60 Gy +n- Vi (4.5.7)

The models we found had ny = 0,2,4,6,8,10,14,18. The model with ny = 18 has the
right amount of vectors to be the A; model with gauge symmetry SU(2)®. Analogous
to the 8D case there are no bosons coming from the R-R sector since the (—1)™ action
eliminates the left-moving Ramond states. When going to the Coloumb branch of A4, the
number of vectors decreases in steps of 2 until one reaches the minimal gauge group U(1)%
with 6 vectors.

We still need to explain the models with ny < 6. This is the first example where we
have a non-trivial explanation in terms of a fluxes supergravity. Indeed decomposing the

N = 8 spectrum in terms of N' = 4 multiplets we find the massless spectrum
Gs) = Gy + (6 — 2k) - Vi , (4.5.8)

where k = 0,1,2,3. The —2k factor comes from the fact that the massive vector multiplet
contains two massive vectors. The models ny = 6,4, 2,0 can therefore be explained by flux
compactifications on T°.

The class *Dp 9

Let us proceed with 4’31[2,2]. Although symmetric we will discuss it as well since we have
all techniques at hand to classify this class. The spectrum is

(1a27272)L® (1a27272)R g(4) +2V(4) )

49/{[2’2] . (459)
nx [(0,1,1,2),®(0,1,1,2)r] 1V,
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where ny = 22,14, 10, 6,4. Clearly ny = 22 is type Il on K3 x T?. To interpret the models
with ny € {4,6,10,14} we looked at symmetric toroidal orbifolds with A/ = 4 and found

T* x T?

Orbn,m = Zn Sm )

(4.5.10)

where Z,, for n € {2,3,4,6} is a crystallographic action on the T and S,, is a momentum
shift of order m on T?. For consistency we need m to be a divisor of n. The result for the
different values of m and n are

Orb,, m, twisted sector vectors massless spectrum
(2,2) (1,0) = (6,0) Gray +6 -V
(3,3) (1,60,6%) = (4,0,0) Gy +4-Vy
(4,2) (1,0,6%,6%) = (4,0,10,0) Gy + 14 - Vi
(6, 3) (1,@,92,03,94,95) = (4,0,0,6, 0,0) 9(4) + 10-V(4)

The spectra of the models Orby 4, Orbg 6 and Orbg o give ny = {4, 4, 14} which we therefore
skip in the list. As it turns out data of the models of 4‘)1[2,2] agree perfectly with the Orb,, ,,
orbifold.

The class 4’51[172]

Let us come to models with A/ = 3 supersymmetry in 4D. The massless spectrum is of the
form

(1717170)L®(1727272)R Q(3)+V(3),
45)’1[1’2] . n X [(Oa 27 07 2)L & (Oa 17 17 2)Rj| 6 - V(?)) ) (4511)
nx[(0,0,2,2),®(0,1,1,2)r]  6-Vs-

In the stochastic search we found models with
ny =2n+1¢€{3,7,11,13,19}. (4.5.12)

All these models can nicely be explained as a fluxed supergravity on T* or K3 x T?. The
breaking patterns from N =8 and N' =4 to N = 3 are

N’ | N | massless spectrum

Gs + (3 —2k)- Vs

8 | 3
6 | 3 -
513 -

4 3 | Gs+ (19—2k) - Vs
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and share characteristic properties with our models. First there may only be steps of two
since the massive vector multiplet contains two vectors and the K3 x T? sets the upper
bound to ny = 19. For the models with ny = 3,1 there is an overlap between both
interpretations.

The class *Dy 9

Lastly let us look at models with N' = 2 supersymmetry. Since the symmetric 4‘31[171]
models correspond to usual Calabi-Yau compactifications, we only consider the asymmetric
4‘31[0,2]. We found three individual classes that we characterize by the difference of vector
and hypermultiplets. The massless spectrum of all three classes is of the form

1,0,0,m), @ (1,2,2,2 G+ (m+1)- Vo ,
N (A) : {(( me @ n @+ m+1)- Vo) (4.5.13)

0,n,n,2k), ®(0,1,1,2)g 2n Vo) +k-He,

with n > 1. We count ny, = m + 2n + 1 vector multiplets and ny = k hypermultiplets.
In the first class the number of vector and hypermultiplets is connected by ng = ny +1
with

ny € {1,3,5,6,7,8,9,10,11, 12,13, 14, 15,17, 19, 20, 21, 22, 23} . (4.5.14)

We find it remarkable that we could close nearly all holes by running the program appro-
priately long. This makes us confident that our stochastic search was deep enough.
Let us try to interpret this list of models

e When compactiying the ®Ip 1) model on a further T? we get the model ny = 19.
As for ), there are at most four additional vector/hyper pairs from a gauge
enhancement. They are arising in the NS-NS sector and can therefore be Higgsed.

e When interpreting an ' = 2 model as broken higher supergravity one has to take
into account that there are short and long massive multiplets in A/ = 2 supergravity.
When looking at the N'=4 — N = 2 breaking we find the spectrum

ny = 27 — 4(n§/2 + ng/Q) — (n¥+2nf)  and
(4.5.15)

nH:20+4n§/2—nf,

where the upper index signals short/long massive multiplets. To get ny — ny = 1

we need only long multiplets, so all models with ny < 19 can be explained by the
super-Higgs effect.

The second class, *Dy 2(B), obeys ny — ny = 11. The list of models we found is

ny € {13,15,17,19, 21,23} . (4.5.16)
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Since we will interpret this class together with the third one, we will first of all state the
third class, Dy 2(C), where ng — ny = 13 with

ny € {3,4,5,7,8,9,10,11} . (4.5.17)

Models in this class had no left-moving Ramond states, thus n = 0 in (4.5.13). One can
partly interpret the third class via the super-Higgs effect as a broken N = 4 supergravity.
The models with ny < 7 appear if we have ng 1o =0 and nf = 6. Alternatively the model

with ny = 7 results as the 8‘)?[071] = Ag model on K3. The ny > 7 models with at most
four additional vector /hyper pairs are interpreted as gauge enhancement.

Recall that the ny = 7 model in "D (C) is Ag x K3. Writing As x K3 as orbifold
reads
T* x T?
o (D SW]

(4.5.18)

The Z, is a reflection on the T* and (—1)"ZSW is known from 0y ;; = Asg in ([.3.10]). Since
there are two independent Z, factors, we can introduce a discrete torsion [92]. Roughly
speaking a discrete torsion is a sign € = £1 between different twisted sectors that is not
fixed by modular invariance and therefore a choice. The spectrum of the orbifold for both
choices is

sector e=+1 e=—1
untwisted Goy+3- Vo +4-Ho) | G +3-Voy+4-Hep

0 twisted 16 - H(g) 16 - V(2

(—1)Fr SW twisted 4V 4-Ho
total Go)y+T7- Vi) +20-Hey | Gy +19- Vo) + 8- Hy

While by construction it is clear that the ny = 7 model of the *0jy9(C) series should
appear for € = +1 it is surprising that for e = —1 the ny = 19 model of the 4’)1[0’2](]3) class
appears.

For e = +1 the orbifold projects out every bosonic mode in the R-R sector similar to our
observation in the Gepner realization. Having explained the models with the highest value
of ny the lower models can be explained as lying on the Higgs branch of these models. The
models with up to four more ny show the same structure as in the 6D case, where up to
four Higgsable NS-NS vector/hyper pairs could become massless by a gauge enhancement.

Summary

We summarize the list of asymmetric Gepner models with ¢ = 9 in the table
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class spectrum beyond supergravity realization
4‘)?[474] — type 1IB on T®
M 4 - sHiggs of *9yy 4
Npygy - -
iy (0,2,4,6) - Vi sHiggs of *Iyy 4
0,4
o4 (6,8,10,14,18) - Vi Coulomb branch: Ay
4‘31[272] (A) 22 - V(4) type IIB on K3 X T?
0M.2(B) (4,6,10,14) - V() shift orbifolds Orb,, ,,
49’1[1,2] (3, 7, 11, 13, 19) : V(g) SHiggs of 4’31[2,2] (A)
A (1,...,19) - Vig) + (2,...,20) - H) sHiggs of 4‘31[2 2] (A)
MNpo21(A) . S
(19, o ,23) . V(g) + (20, R 24) . H(g) m[(]’l] on T
1900.5(B) (13,15,17,19) - Vo) + (2,4,6,8) - H(2) | Higgs chain: *Njy ) on K34
0,2
0 (21,23) - V(o) + (10,12) - H 9 gauge enhancement
19005 (C) (3,4,5,7) - Vioy + (16,17,18,20) - H(2) | Higgs chain: %94 on K31y
0,2
0 (8,9,10,11) - V(o) + (21,22,23,24) - H o gauge enhancement

4.6 Conclusion

We performed an extensive stochastic search over asymmetric Gepner models and sorted
the results into classes of models. The depth of our search makes us confident that we found
all existing classes of models. The goal of the classification was to find more evidence or
counterexamples to the conjecture that certain asymmetric Gepner models can be identified
with fully backreacted gauged supergravities.

In 8D and 6D we did not expect to find any models that can be interpreted as gauged
supergravity. Indeed all models we found could be identified as standard compactifications
or orbifolds involving the fermionic (—1)f% action. Partially we found gauge enhancement
as common for Gepner models. In 4D there were again models that could be explained via
fermionic orbifolds but also many models that we identified as gauged supergravity.

In total we needed very little ingredients for the classification and found no counterex-
ample to the ACFT/GSUGRA conjecture. Instead we found a lot of models that support
the ACFT/GSUGRA conjecture. This makes us confident that at least kinematically there
is a close relationship between asymmetric CFTs and gauged supergravities. Going fur-
ther this suggests that there are vacua of a gauged supergravity that can be uplifted to
asymmetric conformal field theories in the sense that the solution correctly captures the
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kinematics of the fully backreacted uplifted string solution.
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Chapter 5

Gravity in the non-associative R-flux
space

In the previous chapters we outlined that asymmetric conformal field theories correspond
to fully backreacted vacua of a gauged supergravity. It remains to answer what kind of
target space interpretation the adjusted manifold has. Since the manifold is described by
an asymmetric CFT, this cannot be an ordinary Riemannian manifold. Having in mind
that the non-geometric fluxes are the T-duals of the geometric ones Hull took the idea of
U-manifolds [55] to invent the notion of the T-fold [46] in case of non-geometric @-flux
backgrounds. A T-fold is a manifold where the transition functions between the patches of
the manifold are not only diffeomorphism and gauge transformations but also T-dualities.
Locally each patch can be described by ordinary geometry.

In case of the non-geometric R-flux one believes that even the local description breaks
down [93] 94, 05]. There are hints that the R-flux corresponds to a non-associative manifold
equipped with a non-associative star product. The star product was first derived in [96, 97]
and later reproduced using CFT [98, [63, 64] or mode expansion methods [99]. A derivation
from doubled sigma models [100] [10I] or membrane sigma models [102), [103] was successful
as well. A possible M-theory origin or uplift is discussed in [104} 105, 106] (see also the
earlier works [I07]). Consistency was checked in [I08] and formal aspects of the deformation
quantization of the non-associative brackets [109, [1T0] 1111, 112} 113, 114] were looked at,
too.

The following chapter will continue this line of research about the non-associative star
product in R-flux backgrounds. In particular it will discuss whether it is possible to
formulate a gravity theory on such a non-associative manifold and how the non-associative
star product can be reconciled with the diffeomorphism symmetry of string theory. Notice
here that the R-flux appears in the closed string sector that necessarily contains gravity.
Let us outline the structure and logic of this chapter.

The first section contains a review of the R-flux star product and its different ver-
sions. We will comments on its role in string theory and especially highlight that, in con-
trast to the open string star product, the R-flux star product cannot fully take care for the
background. Then we review the main techniques to covariantize a symmetry with respect
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to a star product. The first, most traditional way is to introduce star symmetries whose
generators act with the star product. For our purposes the star symmetries have the major
drawback that there are only star U(N) theories but no star diffeomorphism. Furthermore
star symmetries can only exist if the star product is associative. In case the star product is
non-associative, like the R-flux star product, we show that instead twisted symmetries ap-
pear naturally. Twisted symmetries keep the symmetry unchanged but change the way the
symmetry acts on products by introducing a twisted Leibniz rule. We outline why twisted
symmetries are fundamentally different than known gauge symmetries and why twisted
symmetries might be completely unphysical. Nevertheless having a non-associative star
product we cannot avoid twisted symmetries and since they are furthermore compatible
with diffeomorphism we will try to construct a gravity invariant under non-associatively
twisted diffeomorphism. In section we start with a pedagogical introduction to the ba-
sic computational techniques and outlines the logic of the construction of twisted tensors
in a simplified setting. Afterwards in we describe how the most general situation can
be treated technically. Then in we follow the usual steps towards a gravity theory by
introducing the notion of a covariant derivative, torsion and the Riemann tensor in section
[5.6l To proceed in constructing an Einstein-Hilbert action we need to introduce a metric,
which is done in[5.7] When introducing a metric we encounter major obstacles that we all
can trace back to the non-associative nature of the R-flux star product. For instance we
can show that in an non-associative algebra there cannot be an inverse. Furthermore since
a scalar product combines three objects there is a bracketing ambiguity and every choice
of bracketing contradicts one or the other known properties of a scalar product. Being
agnostic about the appearing obstacles we try to get insights about a possible action in
(.8 We find that there is no obvious way how the R-flux corrections could trivialize to
leave a gravity theory invariant under ordinary diffeomorphisms. Lastly we conclude in
B9

5.1 The R-flux star product

This section will review the non-associative R-flux star product that characterizes the
non-geometric nature of the manifolds associated to certain asymmetric CFTs. Since the
derivation of the R-flux star product was outlined in the master thesis of the author, we
will skip these details here and simply state the star product.

Actually two different types of non-associative star products appear in the literature.
The first type cannot involve a deformation of the multiplication of two functions (at least
in first order in R) due to the structure of the performed conformal perturbation theory.
Instead the tri-product

(fagah)(z):=fgh+ %R‘“"’ O f Ovg Osh + O(R?) (5.1.1)

was found for permutations of tachyon vertex operators in their three-point function [98].
Here [; denotes the string length. The tri-product leads to a non-trivial Jacobi identity
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Jac(xt, 27, 2%) = [2RY* that is similar to the one in the seminal work [96]. This is no
coincidence since both, [96] and [98], essentially work with the WZW model [115]. Notice
that a violated Jacobi identity is usually a signal for a non-associative algebra which can
be seen by writing out the Jacobi identity with correct bracketsE

The second type of non-associativity appeared mainly when using string mode expan-
sions and features a non-trivial commutator between the coordinates [97, [99, 63, [64]. In
the convention of [108] the non-trivial commutation relations are

(2", 2] = %Eg R* p, and [2",pj] = ihd";. (5.1.2)
These brackets reproduce the Jacobi identity Jac(z?, 27, 2%) = [4RY* from the tri-product.
In deformation quantization such an algebra is realized by a star product. For (5.1.2)) the
star product was first constructed in [102] and further considered in [109, 110, 111, 112}

113, [114]. It reads
frg=f-g+Ln@fdg—fog) + %R p 0 f 9+ ..., (5.1.3)

where 8, denotes the derivative with respect to the momentum. Notice that this star
product naturally lives on the full phase space (z,p). As one can check this star product
is non-associative and violates the Jacobi identity. In first order in R we find for functions

fyg9,h € C®(M)
ASS(fa g, h) = Jac(f, g, h) = lgRUkazf ajg akh 3 (514)

where Ass(a,b,c) = (axb) xc— a* (bxc) measures the non-associativity.

The connection between the two- and tri-products and was explained
in [114]. In string theory all vertex operators depend only on the coordinates while the
momentum appearing in the exponent e”X is merely a number. It is therefore natural
to multiply only functions f € C*°(M) that do not depend on the momentum. When
multiplying those with one recovers the tri-product in zeroth order in the

momentum p

f(@)x(g(x)) x h(z)) = f(x)Ag(z)ah(z) + O(p). (5.1.5)

Here we chose a bracketing where all brackets are nested to the right. Other types of
bracketings are connected to the above one using the associator as explained later in

(5.3.10). In light of (5.1.5)) the authors of [I17] suggest that string theory lies on the p =0

1Strictly speaking, the violation of the Jacobi identity equals the associator Ass(a,b,c) = (a*b)*c —
ax (bxc) iff the associator is totally antisymmetric which by definition is the case for alternating algebras
[116]. The star product we look at in this chapter is only alternative up to first order in the deformation
parameter for functions C*° (M) [I]. This is the order in which the algebra is derived. It therefore makes
sense to say that the Jacobi identity and the non-associativity cannot be separated.
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leaf in the phase space while higher orders in p come from membrane corrections. This
would also clarifies why the star product lives on phase spaceﬂ

Regardless of the interpretation the two-product is more general than the tri-product
so we will work exclusively with the two-product. More precisely we work with its full
exponentiated version

fxg= ,u[exp <%ih(8¢ ® 5; - 5; ® 0;) + %Rijk (p0i ® 0; — 0; ®Pkai)> f® g}
=p[F ' (f.9)] - (5.1.6)

Here and in the following i turns all tensor products into multiplications u(A® B) = A- B,
the operator F is called twist. Only at the very end we will set p = 0 to draw conclusions
about string theory.

Let us comment on the closed string star product :

e The worldsheet of an open string is a disk. On the boundary of the disk there are
two nonequivalent orderings in which vertex operators can be inserted. Therefore on
the boundary, the D-brane, there is room for a non-commutativity between the coor-
dinates. When placing a D-branes in a constant B-field background it turns out that
the background B-field can fully be taken care of by introducing a non-commutative
star product between the vertex operators. Let us postpone the discussion of the
open string star product to the next section but instead stress two crucial
differences between the open string star product and the closed string star product
(5.1.1)):

The first difference is that the R-flux star product does not fully capture the R-flux
background. Since the R-flux star product always acts with derivatives, the star
product cannot contribute mass terms. But in [9§] they found that some parts of
the internal metric acquire a mass due to the R-flux. That this would happen was
expected since the R-flux induces a scalar potential in gauged supergravity .
Therefore the closed string star product in the form of can, at most, partly
capture the R-flux background.

The second difference to open strings is that for the closed strings one does not
expect a star product since the worldsheet has the topology of a sphere where there
is no ordering ambiguity. Furthermore in CFTs the non-associativity is forbidden
by crossing symmetry. From this viewpoint it is no surprise that the tri-product
trivializes upon using momentum conservation [I08]. For more general n-
products derived from tachyon n-point scattering or the generalization of it is
shown that the p = 0 leaf yields only boundary terms [114] and therefore no physical
contribution in scattering processes as well. The physical significance of the R-flux
star product has therefore not been demonstrated so far.

2In [TI8] an interpretation of fields living in phase space was given in terms of Wigner probability
functions.
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e An important theoretical concern about a non-associative star product is that observ-
ables in quantum mechanics must associate by assumption. If they do not associate,
they are proven to be non-observables [119]. A possible loophole in this argumen-
tation is that the non-associativity between the coordinates might be allowed since
the coordinates are not primary fields and therefore not observables. Still, a non-
associativity between the observables, namely vertex operators, is forbidden. But
then there cannot be any physical significance of star product at all and the star
product correction must vanish in all amplitudes and not only as observed in the
n-point functions of tachyon vertex operators.

e There is a nice explanation for the non-associative structure and the appearing non-
vanishing Jacobi identity. Both could be a consequence of the quantization of the
M2 branes. The quantization of their worldvolume theory requires the quantiza-
tion of Nambu three-brackets which has not been achieved so far. Considering the
tri-product to be a remnant of this quantization is indeed very tempting.
Understanding the string theory tri-product better would maybe shed light on the
quantization of Nambu structures. First steps in this direction have already been
taken. Using octonions the algebra was uplifted to M-theory in [105] and the
appropriate star product constructed in [106]. Intriguingly the uplifted star product
does not fully trivialize in the R — 0 limit.

Despite these caveats it is hard to negate that a structure is shining through and might be a
signal for a lot more. Instead of interpreting the star product as part of the effective action,
the non-commuting coordinates might rather be the manifestation of the non-geometric
nature of the R-flux background. While physically probably not relevant in string theory
it is an effect worth investigating on its own.

Most of the work so far has dealt with the interplay between the star product and the
symmetry which is the diffeomorphism symmetry of closed strings. Since the above star
product can be seen as easiest prototype example for a non-associative star product and
a natural generalization to the Moyal-Weyl product where [z,z] ~ const., the research
was not only pushed by the string community but also by the non-commutative field
theory communityﬂ Without directly referring to string theory a series of papers [102]
110] 114 [1T2), 113] tried to formulate diffecomorphism in presence of the star product. As
we will demonstrate soon, the Hopf-algebraic twisted diffeomorphism appear naturally in
the R-flux background. The research started with the construction of the appropriate Hopf
algebra which turns out to be a quasi-triangular quasi-Hopf algebra [102, 110, [ITT]. It went
on with the formulation of the twisted diffeomorphism algebra in [114] and a comprehensive
mathematical treatment of non-associative twisted symmetries in [I12 113]. They were
able to define connections and proposed a Riemann tensor. Since [112, [1T3] is written in
categorial language, the physical meaning and how this miraculously works remains far
from obvious. Also a later review article [121] works only with a associative star product.

3Putting scalars fields in such an R-flux space was tried in [I11] (see also the former work [120]).
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Furthermore the physically most important steps like introducing vectors, a metric, the
torsion and the Levi-Civita connection are missing.

In our group the research focused on the question how such a star product is theoreti-
cally consistent in string theory. In a paper of the author [108] different star products are
investigated in double field theory. It is shown that upon imposing closure of the symmetry
algebra one can derive relations that trivialize the closed string star product. The open
string star product in contrast is not trivial but the non-associative defect vanishes upon
using the equation of motion (see also the former work about the open string product
122, 123| 124], 125, 126]). These two results are very interesting and [I08] suggests to
turn the logic around: By demanding associativity one can learn about crucial consistency
relations.

Project goals

Let us now formulate the project goals for the publication [I] that this chapter is based
on. The next step after [108] is to investigate the mechanism of how the proposed twisted
diffeomorphism in the R-flux space go together with the associativity of observables and
how they reduce to the diffeomorphisms of closed string theory. Since the answer has
already been known for scalars (boundary terms or closure conditions), we started to focus
on the gravity sector. But the construction of a graviton vertex operator failed [98]. As such
it is not at all clear what the star product looks like for the physically more relevant massless
fields like the graviton. Nevertheless it is tempting to speculate that the star product also
somehow appears in the Einstein-Hilbert action. It would surely be interesting to see how
these two highly non-trivial structures, the R-flux star product and the Einstein-Hilbert
action with its underlying differential geometry, can evade all obstacles and be harmonized.
Due to the complexity of gravity and the experience of [I08] we could imagine that a rather
involved mechanism ensures the consistency.

To analyze this question one needs to translate the existing mathematical work about
twisted differential geometry [112, 113] into a physically accessible language, fill the gaps
and construct a star Einstein-Hilbert action that, by some mechanism, reduces to the usual
Einstein-Hilbert action or appears to be diffeomorphism invariant. Having such an action
would in principle show not only that a star product can also emerge in the gravity sector
but also how this would look like.

5.2 Symmetries in presence of a star product

Being our main goal, let us review the existing techniques to reconcile symmetries with a
star product. Although being highly problematic, twisted symmetries do arise naturally
for non-associative star products.

Instead of using the closed string star product we will mainly look at the Moyal-Weyl
plane with its star product

[, 27] = i0Y o fxg=p (egeija@ajf ® g> ’ (5.2.1)
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where 6 is a constant non-commutativity parameter. In contrast to this star product
is associative and furthermore cyclic under an integral [ f*g = [ g f. This star product
appears in the effective action of a D-brane in a constant background B ~ 67! field [127,
128] 129]. When deriving the effective action one faces a choice of regularization. Pauli-
Villar’s regularization results in a theory of fluctuations around the B-field background
with a standard U(1) gauge symmetry. Point-splitting regularization on the other hand
gives a theory where the background can be fully taken care of by introducing the star
product between the vertex operator.ﬁ When choosing the latter option the effective
Lagrangian of a single D-brane in flat space for slowly varying fields is the DBI-action with
all multiplications replaced by a x

SN/\/detn—i—F* ~ /Ej*Fij+(9(F4), (5.2.2)

where we neglected a constant piece and
F,; = 0;A; — 0;A; — i[Ai, Ajl, = 0;A; — 0; A + HklakAialAj + O(6%) (5.2.3)

with the star commutator [A, B], = Ax B — B % A. The usual U(1) symmetry is lost
because of the non-commutative nature of the star product. This leads to the non-trivial
contribution from the commutator, which is definitely a signal for a non-abelian symmetry.
The above action can be straightforwardly generalized to U(N) by adding a trace.

5.2.1 Star symmetries

Let us present the first and probably most intuitive way to covariantize the symmetry with
respect to the star product by introducing so called star U(N) transformations

A = Udx)x A« Ul(x)™t =i 0,U, () % Uy(x) 7, (5.2.4)
where the inverse is defined with respect to the star product
Ud(z) x Ug(z) ™t = U () P x Up(z) = 1. (5.2.5)

The star U(1) symmetry is non-abelian and therefore fundamentally different from its U(1)
cousin. Nevertheless there must be a connection between these theories when remembering
that the star U(1) theory and the U(1) theory with a background field describe the same
physical system. Indeed one can identify their gauge equivalence classes with the famous
Seiberg-Witten map [I130]. Showing the invariance of the action goes along the lines
of showing the invariance of the action of ordinary non-abelian Yang-Mills. In a first step
we find that the field strength transforms in the adjoint representation

Fij — U*(.CE) * EJ * U*<33)_1 . (526)

4 The particularly simple form arises only in the Seiberg-Witten limit which decouples the gravitational
bulk degrees of freedom [130].
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Then, using cyclicity [ f+g= [g* f, and

FijxFy — (Udz)x Fij x Ud(x) ™) % (Uy(2) % Fyg x Ug(x) ™)

= U*(ZL’)*<EJ-*FM)*U*(Z‘)_1 <527)

invariance of the action is readily checked. The last relation shows manifestly that the star
product behaves covariantly under the star U(1) transformations. In words, the star prod-
uct of two fields in the adjoint representation is again a field in the adjoint representation.
For infinitesimal transformations U(z) = 1 + iA(z) + O(A\?) the transformation law for a
field ¢ in the adjoint representation reads

30 =i\ 9l (5.2.8)

Inserting this transformation law into the covariance relation (5.2.7)) results in the usual
product rule

51(6 %) = By % b + G4 530, (5.2.9)

For a detailed discussion of the star Yang-Mills theory with its intriguing features like
Morita-equivalence, UV /IR mixing or asymptotic freedom even for U(1) we want to refer
to the excellent reviews [131], 132}, 133].

Important is that the star gauge group is restricted to star U(N) since all other choices
for the gauge group do not close under the star commutator [I34] I35]. The absence of
a well defined star SO(n) and star Sp(NN) group is reflected in string theory: Both gauge
groups appear in orientifold constructions where the D-branes lie on top of orientifold
planes. Demanding the B-field term in the Polyakov action to be invariant under the
orientifold action X — —X and 0 — m — ¢ one deduces

Byy— =By,  Biyy— By, Bii—-Bii, (5.2.10)

where we used the notation of [I35] to highlight directions parallel and perpendicular to the
branes. Steadiness demands B = 0 which eliminates the source of non-commutativity.
Therefore no non-commutative version of SO(N) or Sp(N) theories appears in string the-
ory.

As a direct consequence it is not possible to naively write down a gravity theory in
the vielbein formalism with its local SO(d, 1) invariance. Furthermore the constant 6%
in directly violates general coordinate invariance. There are three attempts to
overcome these obstacles and to formulate a non-commutative theory of gravity: The first
consists of modifying gravity [136], the second in restricting to a subclass of coordinate
transformations preserving 6% [137, [138]. This subclass turns out to be volume preserving
such that these attempts work in unimodular gravity. Both ways are not fully successful and
especially unattractive from the string theory viewpoint that predicts standard Einstein-
Hilbert gravity. We will therefore stick to the third approach that we will present in the
next section.
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5.2.2 Twisted symmetries and Hopf algebras

Let us start with a heuristic introduction to Hopf algebras neglecting both the notion of the
antipode and the distinction between algebra and modules. For details see e.g. [I17]. A
Hopf algebra H has two operations which are important in the following: A multiplication
1, which takes two objects multiplying them into one, and its opposite operation, the
coproduct A, which takes a single object and converts it into two

w:H®@H—H,

5.2.11
A:H—-H®H. ( )

Using the infinitesimal transformation ¢ of any symmetry group one can define a Hopf
algebra’] The multiplication p is the usual algebra multiplication u(d ® d2) = 610> and
the coproduct is defined by

AG)=6@1+114. (5.2.12)

We can translate the variation of a product of ﬁeldsﬂ ¢ and v into the Hopf algebra language
as follows

0(¢Y) = (00) Y + ¢ (0¢) & d(ud®Y)) =poAd)(¢®Y). (5.2.13)

Notice that the coproduct (5.2.12) encodes the usual Leibniz rule. Let us introduce the
star product ((5.2.1)) between all fields as

[rg=p(es®20% 1 g) = o F(f@g)i=m(f @), (5.2.14)

where we defined the inverse of a twist F. A short computation shows that Hopf algebras
provide an alternative way to covariantize the symmetry with respect to the star product.

3(pxy) =d(poFH(p®1)) =pnold) o FH(p@1)
—poF toFoAWB) o F o) (5.2.15)

= 1o ALB)(6 D).

Here we introduced a twisted coproduct A, := F o A(§) o F~! that together with the star
multiplication p* still defines a Hopf algebra. This means that instead of changing how the
symmetry acts on fields as in the case of the star U(1), see (5.2.4)), we keep the symmetry
action unchanged but twist the Leibniz rule to covariantize the star product with respect
to the symmetry. The result is called twisted symmetry.

5More strictly speaking, the § of a symmetry form the universal enveloping algebra of the symmetry
and we construct the canonical Hopf algebra of the universal enveloping algebra.

SFor this to work the fields have to be in the same representation of the universal enveloping algebra
as the 4.
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We expand the concrete form of the adjusted Leibniz rule

Ap:FoA@oF”=ﬁ@J+1®6+%W(M@MM%+&®M@D+Ow%.

(5.2.16)
The additional terms are nothing else than the variation of the star product [139]
%w<mm®@+@®w@m+ow%:&ﬂ. (5.2.17)
Therefore the twisted Leibniz rule is actually
0(¢x 1) = (60) x ¥ + % (0¢) + ¢ 0(x) . (5.2.18)

Taking the 0 as generators of U (V) one can show that the action is invariant under
the twisted U(N) transformations [140].

In case the § generate the diffeomorphism the last term containing the variation of
the star product 0(x) is only zero for the volume preserving linear affine transformations
dat = LF,z¥ + a” if also the 6 is transformed [I41]. When looking at a non-commutative
version of ordinary Einstein-gravity, as predicted by string theory, this term is therefore not
zero. Apart from that the introduction of twisted diffeomporphism does not cause problems
and the construction of a non-commutative gravity theory was successful [142] 143].

5.2.3 Comparison of star and twisted symmetries

The action is invariant both under star U(N) and twisted U(N). It is necessary to
compare both to decide which one is the physical symmetry.

The first part of this section will mainly follow [139] while the second part about L,
algebras is based on unpublished results obtained together with Ralph Blumenhagen and
Matthias Traube.

Twisted symmetries in string theory

In [139] they observe that twisted symmetries are fundamentally different from ordinary
symmetries since they act not only on the physical fields but also on the product, see e.g.
(5-2.18)). This is strange by itself and prohibits the use of the Noether theorem. Therefore
there are no Ward identities making it impossible to quantize twisted theories in the usual
way. Lacking the Noether theorem the usual conserved current can instead be deduced
from the equation of motion as an integrability condition ]

TAnother concern with twisted theories going back to [144] is the following: When adding matter to
the U(N) theory it is necessary to add new degrees of freedom since the gauge transformations have to be
in the same representation of the universal enveloping algebra as the matter fields. But this point will not
be important in the following.
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For star U(N) the situation is somewhat different. Having the standard Noether
procedure works and equipped with Ward identities a quantization is possible. That star
U(N) theories are rather ordinary is underpinned by the existence of the Seiberg-Witten-
map [130] which relates the star U(N) to an ordinary U(N) transformation order by order
in 6.

Since twisted symmetries are in case of U(/N) accompanied by the star symmetry one
can argue that the existence of Ward identities for the twisted symmetry is guaranteed by
the parallel existence of the star symmetry. But this argumentation does not hold for the
case of gravity since no star diffeomorphisms exist.

All in all [I39] comes to the conclusion that the twisted diffeomorphisms cannot appear
as symmetry of string theory. In general they doubt that twisted symmetries can be
physical. They support their claims with a calculation that the action of the induced
gravity on the D-brane is different from the proposed action of twisted gravity[142]. But of
course this computation does not tell anything about the truly closed string star product.

Star and twisted symmetries in light of L., algebras

For a rather long time it is known that any consistent gauge algebra is equivalent to an
Lo algebra [145] [1406, 147, 148 [149] [I50]. A gauge transformation d,. onto a field ® should
obey the two consistency conditions

[651 ) 5EQ]¢ = 6—0(61,82,¢)® 5 (5219)

and
Z [6517 [ 553]] =0, (5.2.20)
cycl

to define a Lie-algebra. Notice that we allowed for field dependent gauge parameters in
the closure relation. In any classical perturbative theory we are able to unambiguously

identifyf

1 n(n—1)
0.0 = ; (=17 (e 2, . P) (5.2.21)
and
]_ n(n—1)
C(€1,€2,q)) = —(—1) 2 £n+2(€1,€2,q),...,q)).

where the ¢,, products are graded commutative

én(. o, L1, T, .. ) = (_1)1+deg(m1)deg(m2)€2(' ey Loy L1y . ) . (5223)

8Notice that in the quantum case the ordering according to powers of fields and parameters is more
involved, since contractions between fields can lower the power of a field, see e.g. the upcoming publication
[151] also of the author.
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The gauge parameters have degree 0 while all fields have degree 1 and

deg(C(z1,...,2,)) =n—2+ Z deg(z;) . (5.2.24)

i=1

Since so far we have nothing else than fields and gauge parameters we set objects to be
zero if their degree differs from 0 or 1. Therefore the vector space is V =V, & V_;.
As one can show [146] (since this source is not available anymore consult the more

recent [150]) the consistency relations (5.2.19) and ([5.2.20)) are satisfied if and only if the
¢, satisty

Tn(T1, .. my) = Z (—1)’071) Z’y(a; x)

i+j=n+1 (5.2.25)
gj( Ui(Ta(t) 53 To(i)) ) To(itn)s - - - ,l‘a(n)) =0,
where the permutations are restricted to the ones with
o(l) <---<o(i), o(i+1)<---<oan). (5.2.26)

The sign y(z,0) = £1 can be read off using . Inserting exactly two gauge parame-
ters into the 7, = 0 conditions produces relations that are equivalent to the closure
while inserting exactly three gauge parameters gives relations equivalent to . The
¢,, products together with the relations 7, = 0 define an L., algebra.ﬂ

The J,, have the schematic form

Jo = lyly — Uolq T3 = U1l + loly + U3l , (5.2.27)
and J, = 0 reads explicitly

4 (62(951, 1:2)) =l (61(1:1),332) + Uy (:cl, 81(3:2)) , (5.2.28)
showing that ¢, is a derivative with respect to /5 satisfying the Leibniz rule, and

0= (ls(z1, 29, 73))
+ 62 (62(1’1, (L’Q), Ig) + éQ (EQ(I'Q, Ig), ZEl) + EQ (EQ(CL’?,, I1>, ZEQ) (5229)
+ 43 (51(371), T2, 963) + 43 (371, (1(x2), 9133) + 43 (371, T2, 51(553)) ;

revealing that the L., relations allow for a mild violation of the Jacobi identity, in the
sense that the violation is a total derivative term. This is the reason why mathematicians
call L., algebras strong homotopy (sh) Lie-algebras.

Usually a perturbative action is constructed by demanding invariance under a certain
gauge symmetry. Using that the gauge algebra is an L., algebra Hohm and Zwiebach

9For more details and a class of highly non-trivial examples where the gauge algebra closes with field
dependent gauge parameters consult the recent publication [6] also of the author.
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could show in [I50] that any perturbative and gauge invariant action is controlled by an
L algebra as well. For this they need to add a degree -2 space V_5 containing equations of
motion and defined a scalar product (-,-) that is non-zero only for the contraction (A, E)
of a field A € V_; and an equations of motion F € V_,. The action is

and the equations of motion are
F=10(A) - %EQ(A, A) — %63(/1, AA) + ... (5.2.31)

E.g. for Yang-Mills the scalar product is
AE) = [ (B, (5.2.32)

and the non-vanishing L., products are

21()\) =0 e X4
(H(A)=0A—-0(0-A) e X,
l(M1, X)) = —[A1, Xo] € X
l(AN) =—[A N e X4 (5.2.33)
l(E;N) =—[E )\ € X
l3(A1, Ag)y = —0[A1, Aoy — [0,A1 — DAL, Aol + (1 5 2) € X
l3(Ar, Ag, A3) = — A1, [As, As,]] +sym. € X_,

where the lower star , denotes a free spacetime index while the other two free indices are
assumed to be contracted. These ¢,, products define an L., algebra and satisfy all defining
relations . To show this the Jacobi identity of the bracket is needed at several
stages of the computation.

Now let us replace every multiplication in ¢ products and the scalar product
with a Moyal-Weyl star product . The resulting action and gauge transfor-
mations are exactly the ones of the star U(N) Yang-Mills theory. Since the Moyal-Weyl
star product obeys the Jacobi identity the star ¢, still obey all L, relations . With-
out obstructions the star U(/N) Yang-Mills theory is a ordinary perturbative field theory
from the L., viewpoint.

In contrast twisted symmetries do not define an L, algebra since the twisted Leibniz

rule
56 %) = (68) %46 + 6% (60) + $6(x) ¥ (5.2.34)

manifestly contradicts the Ly, relation ([5.2.28]) demanding that ¢; is a derivation of £5. This
is a further argument why twisted and star transformations are fundamentally different in
nature.
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Let us introduce another setting where no L., algebra can be defined. Instead of looking
at a D-brane with a constant B field background we allow B to be slightly non-constant.
In first order in 99 ~ OB~ the product that accounts for the background is [123]

< 1\2
fog=fxg+ %(eim&neﬂ) (30, f * g+ Ouf * DiD5g) + O((96)2,6%0)
N s 1\2
~fg+ @9’7 0if 9;9 + %eﬁekl 0,0 f 0:0hg
s 1\2
% (070, 07%) (810, f Dhg — DiD;9 O f) + O((00)?, 520, 62)

(5.2.35)

where x is the Moyal-Weyl star product that appears for constant § = B~! field
backgrounds. Due to a defect proportional to 079,028 ~ dB the o product is not
associative and does not obey the Jacobi identity. The non-vanishing Jacobi identity is one
of several sources that causes violations of the L., relations. Another problem with the
Lo structure appears when trying to write down the corresponding L, action. Following
[123] the integral should have the DBI measure that spoils a nice behavior under partial
integration needed to derive the L., equations of motion.

Let us go into more detail about another place where the o contradicts the L, relations.

For this take the £, = 0 relation in ([5.2.28]) that we repeat for convenience
51 (EQ(xl, $2)) = 62 (61 ($1), {IIQ) + EQ <$1, 61 (1‘2)) . (5236)

Inserting two gauge parameters A; and A\, the left side becomes

O(—[Ai, Aals) = =[0A1, Dol —[Ai, Do), =i D07 M1 D A0 + O(62,06) .

(5.2.37)
£ (fl(h) A2) Lo (/\1,51 (>\2))

The extra term violates the L, relation in an unrepairable way["] The extra term comes
from the fact that the derivative acts on the star product as well which can nicely be
summarized in the notation

i 8(9” 81)\1 aj)\g - [/\1, )\2]3(*) . (5238)

Writing the extra term in this form shows that we actually encountered the twisted Leib-
niz rule of a Hopf-algebra (see (5.2.18) or (5.2.34))"]] The extra term reflect for finite
transformations that, being non-associative, there is a bracketing ambiguity in such
that the covariance of star products cannot be realized in the usual way anymore. We see
that Hopf algebras and therefore twisted symmetries appear naturally when considering
non-associative star products. In particular a non-associative star symmetry seems impos-
sible. This is the reason why there is also no literature about a star Yang-Mills with the

10We checked that also the introduction of a £y € X_5 does not help.
' This suggests to introduce a Hopf Lo algebra.
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non-associative o product even though it is a natural generalization to the well understood
star U(N) Yang-Mills theory.

Let us now discuss a conjectural consequence of the lacking L., algebra of twisted
symmetries. Recall that the perturbative string theory in form of bosonic closed string
field theory is governed by an L, algebra [147] while in superstring field theory an A
algebras appears. In the recent work [I52] Ashoke Sen introduces the notion of consistent
truncations of the algebra of superstring field theory. In this light one can argue that a
given perturbative action can only be a consistent truncation of string theory if it has the
structure of an L., or an A, algebra. This line of arguments led Hohm and Zwiebach
to construct the L., algebra of any perturbative action governed by a gauge symmetry in
[150].

Let us check this conjecture in the above example. As shown there is no L., algebra for
any twisted symmetry and in particular not for the star product of D-branes in non-constant
B field backgrounds (5.2.35). The o product should therefore not appear in string theory
although it was derived from bosonic string theory. Indeed the derivation [123] does not
respect that by the Freed-Witten anomaly [I53] there may not be any gauge flux H = dB
on a D-brane. Therefore the o is indeed forbidden. Notice that both the defect of the
Jacobi identity and the non-associativity are proportional precisely to H = dB that leaded
to violated L, relations. Without having a string theory in behind it might be no surprise
that there is no consistent way to quantize twisted symmetries.

Following these arguments one can argue that twisted symmetries may not appear in
string theory. Clearly the arguments rely on a conjecture that is far away from settled
but still the conjecture holds surprisingly precise in certain circumstances. Therefore it
strengthens the doubts of [139] that twisted symmetries can have something to do with
string theory.

5.2.4 Summary

We saw that the only way to reconcile diffeomorphism with a non-associative star product
is through twisted diffeomorphism that naturally appears in the context of non-associative
star products. In the following we will therefore try to construct a general relativity that is
invariant under twisted diffeomorphisms. We discussed many concerns with twisted sym-
metries that stress the necessity to reconcile the star product with the twisted symmetry
by an appropriate mechanism.

5.3 Basic properties of the R-flux Hopf algebra

This section starts with the introduction of operators that are used throughout the rest
of the chapter. Then we will exemplify the logic of the twisted Leibniz rule and the
construction of twisted tensors in a simplified setting. Afterwards we will clarify how
stringy vertex operators can be tensors.
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5.3.1 Operators

Let us introduce important operators that control the non-commutativity and the non-
associativity. We begin by noting that the partial derivatives in the star product
are not appropriate when star multiplying higher tensors. By demanding compatibility
with the exterior derivative the authors of [117] suggest to use Lie derivatives instead

fxg=n|exp ((Gih(Lof Ly~ L1 Log) (5:.)
(R Lo f Loyg — SR Lo, f L,09) ) [ @ ]
= n[F (9] (5.32)

Since the twist F~! is merely a phase factor, inversion is simply done by changing the sign
in the exponent or, due to antisymmetry of R“* by changing the arguments

F N f9)=Flg.f). (5.3.3)
Using this, the non-commutativity
frg=p[Ff.9)] = u[F(g.f)] = n[F FEg. )]
=R (5.3.4)
=R(g) *R(f)
can be seen to be controlled by the operator R = F? which is the inverse of what is called

the universal R-matrix R = F 2. To get an intuition about the R-matrix let us choose
f,g € C°°(M) and work up to linear order in the R-flux. We compare

frg=fg+%R%p. 0, 0,9+ ... (5.3.5)
with
R(9)«R(f) = g* [ — 22 R p, 0,9 % O,f + ...
=g9f+ %Rijkpk 0i9 05 f — Q%Rijkpk 0i90;f + ... (5.3.6)
=fg+ %Rijkpk Oif 0,9+ ...
to see that the R-matrix controls the non-commutativity due to the factor —2 from the

square in R = F2. Actually also the non-associativity is controlled by an exponential
operator. To see what is happening take f,g,h € C*°(M) and expand

(fxg)xh=fx(gxh)
+5R* 0. f 09 Okh
+ %%kaRabc Pe (0if 0a0;9 OpOih + cycl.)
+ O(RY).

(5.3.7)
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The terms in the third line can be taken care of by star products of the second line such
that

1, o
(frg)xh=fx(gxh)+ ) —(&) R Rk (5, .0, f)x
=" (5.3.8)

((aj o 05.9) % (D, - .. aknh)) .

This formula holds even for f, g and h with arbitrary dependence of x and p. Let us collect
the result in to an operator ¢ called associator

¢(f,9,h) = exp (%Riikﬁai ® Lo, ® ﬁak,> (fog®h) (5.3.9)
that reorders the brackets in the following way:

(fxg)*h=f"%(g°*xh®) := f*(g*h)|, (5.3.10)

Similarly the inverse associator ¢ shifts the brackets to the left. Again, being a phase factor
the inverse can be obtained by switching the sign in the exponent or, due to antisymmetry
of R¥* by switching the arguments. This is important to keep in mind when interchanging
the arguments of the associator with the R matrix

F2x (g x h?) = f2 % (R(h?) x R(g%)). (5.3.11)

5.3.2 Warmup with configuration space functions

Following [142] 143], 114] we will now demonstrate the first steps towards a twisted tensor
formalism. To warm up we only work with twisted diffeomorphisms € = £'(z)xd; that solely
depend on the configuration space and consider the full phase space & = £'%0; —i—é*éﬁ later.
With this simplification the crucial steps in the construction become clearer. A twisted
scalar is defined to be an object transforming with the twisted Lie derivative

bef = Lif =& 0if . (5.3.12)

We demand that the star product of two twisted scalars f x g should be a twisted scalar
again

Oe(fxg) = Li(frg)=E0(f+g) =& % (0:f xg) + & (fxDig) . (5.3.13)

Note that the spacetime derivative commutes with the star product since the star product
depends only on the momentum. Let us use an associator in the first term and reformulate
the second term with the R-matrix and an inverse associator

Ex (fxbig) = (fi*f)*é?ig]g

M _ _ (5.3.14)
= (R(f) x R(&")) * Digle = R(f)  (R(E) * Dig)lg2 -
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Plugging in (5.3.13]) we find the twisted Leibniz rule

Li(f%9) = (L517) * 0" + RUT) * (Lig e 9”). (5.3.15)

R(e#?)

Notice that the twisted Leibniz rule was obtained using the R-matrix and the associator
¢ while the concrete form of the star product did not matter.
Next, w; = 0;f should be a twisted covector and therefore

0¢(0:f) = 0:(0¢ f) = & x (0;0:f) + (0:€7) % (0, f) - (5.3.16)

From that formula we can deduce the transformation law for a general twisted covector w;
to be

Sew; = Liw; = & * (Ojwi) + (0:87) x w; . (5.3.17)

The transformation of a twisted vector v* follows from v’ « w; which should transform as a
twisted scalar. We find

e’ = Liv' =& (0;0") — R(V) » R(9;£") - (5.3.18)
Since the Lie derivative of a vector field usually matches the commutator we define
[v, W], = v/ x (Fjw") — R(w’) x R(9;"). (5.3.19)

The same expression can also be obtained by the most intuitive twisted generalization of
the commutator

s =[]oF . (5.3.20)

The similarity to the definition of the star product p, = p o F~! guarantees covariance
under the twisted diffeomorphism and shows that the star commutator is R-antisymmetric.
The twisted Lie derivative is defined and closes

L5, Lo]v = Loy, v (5.3.21)

A necessary requirement for this formula to hold is that the content of the commutator
[, ]« is enclosed by bracks. Therefore when evaluating the left side we first have to use an
associator

(L8, L3], v = Lo (Lo v”) = Loy (Lgesy v°) - (5.3.22)

Consequently also operators do not associate, either, and composite operators act with
appropriate associators. We reflect this in the definition of a composition e

(00 0)(z) := 0%(0"*(2%)) (5.3.23)
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in presence of a bracketing ambiguity. When looking at the literature this composition is
standard in the Hopf-algebra framework[154] ™
Constructing higher twisted tensors is straightforward.

5.3.3 Vertex operators as twisted tensors

Having a definition of twisted tensors allows us to turn to the question how e.g. a twisted
scalar actually looks like. For sure the basic coordinate functions ! are twisted scalars.
But then, by construction, z'+/ is again a twisted scalar again whereas z*- 27 is not. Only
for i = j the antisymmetric star product does not yield any contribution and z*x2* = - z*.
This means that functions f(z) are only twisted scalars if they are defined with the star
product. Therefore in general also the physical fields receive inner correction through the
star product.

From the string theory viewpoint this means that the star product should not only
appear between the vertex operators but within the vertex operator. This is not expected
from the computation of the three-point function of tachyon vertex operators, where un-
corrected tachyon vertex operators e”* were used since they are conformal primaries [108].

At least for the tachyon vertex operator €%*" with constant ¢; the issues can be resolved
by the observation that (¢;z")*" = (¢;z")", which can be proven e.g. by induction. The
corrections from the star product in €%*" vanish and the uncorrected tachyon vertex oper-
ator indeed indeed turns out to be a twisted scalar. By the same arguments all functions
that have a representation via a Fourier transform

o) = / di ¢ F (k) (5.3.24)

are twisted scalars without any adjustments. This is the reason why in the recent publi-
cation [106] they restrict themselves to Schwarz functions.

While the tachyon vertex operator behaves as it should, the higher vertex operators
like the graviton vertex operators Vg = h;; 0X'0X7 - e*X are trickier. To see the problem
let us first recall the open string star product. There the propagator of the coordinates in
the Seiberg-Witten limit is

(2 (7)2? (7)) = %9”6(7’ —7'), (5.3.25)

leading to the non-commutative star product (5.2.1) when computing the correlators of
vertex operators. Due to the ¢(7 —7’) the polynomials P[0X,9%X,...] in a vertex operator

12The recent attempt to formulate a consistent non-associative quantum mechanics [I17] uses the com-
position (AeB)(C) = Ax (B C). As one can show this is the only way to avoid negative probabilities.
This composition e actually amounts to a brute force rebracketing to the right. Neglecting the associators
and treating the star product as associative garantuees consistency but a consistent embedding into the
Hopf-algebra framework is of course not possible using e. These problems suggest that the usual quan-
tization fails and the only way to make sense of non-associative quantum mechanics is in a membrane
quantization where such effects might be rather natural.
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V = P[0X,0%X,...]e*X are not affected by the non-commutativity and the star product
acts essentially between the e** factors.

For the graviton vertex operator we cannot apply this line of arguments. Furthermore
how to interpret e.g. (X' x0X7)xe*X is pure speculation, especially taking into consid-
eration that the true graviton vertex operator is not available [98] F_";] We will therefore not
pursue this any further and keep the formalism completely general.

The most promising way to resolve the problems is the setting of freely acting asym-
metric torodial orbifolds since they are still free CFTs in contrast to the perturbed CFT
of [9§].

5.4 Working with the full phase space

The following section presents the technical tools to handle the full phase space. To
shorten the formulas we introduce a doubled notation where the configuration space and
the momentum space are packed together in the phase space X; = (f—h,xz) such that a
vector becomes

V =VHX) %0y = V'(x,p) *0; + Vi(x,p) x ih 0}, (5.4.1)
This notation is borrowed from double field theory [I55] [156] [157] in the sense that capital
indices run from / = 0,...,2(D — 1) and that the index splits into covariant and covariant

pieces X; = (&, :UZ) Let us furthermore adopt the notation P, P, M of [I14] defined by
P'=(P',P) = (ih Ly; , Ly,),

L " o (5.4.2)
M :(M,O):(ﬁ_;LERZ]k O)I—F X ;P .

POk

M,; is zero here since the only non-vanishing component of F17K is Fiik = %R’j *. Therefore
a contraction like FI/KFMN always results in zero. Using the above operators the star
product becomes

frxg=un [exp (3(P,® P*— P*® P,) +§(M“®Pu—PH®M“))f®g} . (54.3)

5.4.1 Star products and derivatives

The star product also acts non-trivially onto the basis forms dX! = (dz', %). Using
[£,d] =0, one obtains

P'(dX7) =0,

M (dX7) = FU%dX,  or  M'(dal) = SRk dbe

(5.4.4)

13 As one can check, a simple O(R) correction to the uncorrected vertex operator does not help.

14Tet us stress that the phase space X; = (%,xi) we are considering here is substantially different
from double field theory with its space X; = (#;,2') where the & are the T-dual winding coordinates.
In contrast to double field theory our framework is not based on an O(D, D) invariance but rather on
double-dimensional (star)diffeomorphism and the O(D, D) scalar product of double field theory is not
(star)diffeomorphism invariant.
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By enforcing the duality between TM and T*M in the form ;7 = 9; x da’ = 9; x da* +
ih (3[])' * Ci.—% one finds
P1(9”) =0,

MI@7) = F%0  or  Mi(ihdl) = %Rijkak. (5.4.5)
Notice that the partial derivatives are meant as basis vectors of the tangent space e; = 0.
This notation is introduced since we will see soon that the star product acts in the same
way onto basis vectors and the derivatives.

Let us share two observations that make the following computations simpler. The first
is that P; and therefore the associator ¢ acts trivially onto any basis vector. When a basis
vector is involved we therefore refrain from writing brackets and the associator. Secondly
the only non-vanishing action onto a basis vector is given by M? when acting on a basis
vector with an upper index thus da? or 9. In both cases the result has a lower index.
Therefore M (M(9')) = 0 such that the star product terminates already after the first
order when acting on basis vectors. More explicitly we get

Fxdi=F-0, = fx0—0ixf=0, (5.4.6)

but a purely linear correction in

fxihd = f-ihd — LPf - MI(ihdl) = f-ihd} + S RI*O, f x 0, (5.4.7)
and
fxihd —ihd x f = SRI*O, f % 0. (5.4.8)

Both relations can be combined into
fx0l =0 x f=FIRQ9, f %0k . (5.4.9)
Since dx! behaves like 07 we get
frda! —dat « f = FIRO, f x dag . (5.4.10)

These commutation relations lie at the heart of all computations, since they not only tell
us how to switch a derivative with the star product, but also how to commute derivatives
with star product, e.g. in

ONfxg)=0"frg+ fx0lg— FEO, f «0kg. (5.4.11)

All relations so far still hold when replacing 9’ with P! = Lg:. At this point it becomes
clear that we indeed work with a Hopf algebra and the twisted coproduct from the discus-

sion around ([5.2.15)) can be read off as
APHY=P' o1+10P —F'EP;® Pk . (5.4.12)
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The twisted coproduct for M7 is
AMY=M@1+10 M + F750; ® 0k . (5.4.13)

The last relation with the switched sign compared to (5.4.12) can be anticipated from
[P, M7] = FIK Py

5.4.2 Formulas for vectors

As consequence of the non-commutativity between &' and the star product the two con-
ventions V! x 9; and 9; x V! are not equivalent. We will stick to the first convention since
it will make the definition of a twisted scalar easier.

When multiplying a scalar onto a vector it makes a crucial difference whether the scalar
is multiplied from the left

frx(Vixop) = (f«VHxor, (5.4.14)
or the right
(VIxo)) x f=(VIx f)yx0r — FI5 (Vi x05f) * Ok . (5.4.15)

Here we used the commutator of the star product and the 9; in and the fact that
the associator trivializes when acting onto basis vectors.

Looking back one sees that the form of the additional terms can essentially be deduced
from the index structure. This becomes visible in the R-matrix as well

R(f) @RV %x0;) = R(f) @ R(VH) x 07 + F7E R(0; f) @ R(Vy) % Ok . (5.4.16)
Iterating this expression yields

ﬁ(VI *81) ®§(UJ*8J) = ﬁ(VI) *81 ®ﬁ(UJ) *&;
— FMNI ﬁ(VN) * 8[ (024 ﬁ(@MUJ) * a]

+ FMNJ ﬁ(@MVI) * 01 ® ﬁ(UN) * 0
— FABIFMNJ R(&MVB) * (91 &® R((‘?AUN) * 6J .

(5.4.17)

The last two relations will be put in use later. The multiple additional terms seem to
complicate the computations but in the end they will organize themselves in such a way
that the shape of the twisted Leibniz rule is preserved even when considering the
full phase space. Remarkably the same holds true for arbitrary quasi-triangular quasi-Hopf
algebras [112, 113].
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5.4.3 The contraction

Now let us formalize the pairing which we already used
O xdx”’ = da’ «0p = 67 . (5.4.18)

The symmetric definition is well defined since a small computation shows that the star acts
trivial in this formula. As a nice byproduct two basis vectors commute. Recall that we
have already fixed the convention of vectors to be V = V! x9;. When contracting a vector
V with a form w, the basis vector and the basis form are only then directly next to each
other if the vector is on the left and the form is on the right (V,w) and if the following
convention is chosen

V=V, w=dr'xuws. (5.4.19)
Using this convention we can contract without additional terms
Vw= (V%0 % (do! xwy) = VIxé" vwy =V xuw;. (5.4.20)

When having an expression w=*V one either has to use the R-matrix to interchange w with
V or use (5.4.9) to bring the basis vectors and forms together resulting in a 0.

5.4.4 The commuting derivative 0

Next we introduce a derivative operator which commutes with the star product making
computations a lot easier. Recall that the usual exterior derivative commutes with the
Lie derivative [£,d] = 0 and consequently also with the star product. Furthermore due
to dz! « Oy = da! - O; this property holds for the star exterior derivative as well. Actually
this argumentation does not rely on the antisymmetrization. Let us therefore introduce
the derivative one-form

0 = da’ * 0y (5.4.21)

where dz! is meant as basis form and 9; acts as derivative. This operator & does not assume
antisymmetrization while it becomes the exterior derivative when additionally assuming
antisymmetrization d = OA. It is instructive to see 0 at work:

dax’ « Or(f % g) = da’ % Orf % g + dx’ x f x 0rg — F''¥da; 05 f x Oxg
=del «01f x g+ frda! x0rg — FI'Bdxe x5 f % Org
— FUE Qe % 05 f % Ok g
=de! «0;f xg+ frda! % 0rg.
In the first line we used the product rule while in the second line we switched
the basis vector dz! to the right using . As one can see the additional terms from

both operations cancel. To summarize 0 commutes with the star product and therefore
the R-matrix.

(5.4.22)
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5.5 Tensor calculus

In the following we will repeat the analysis of section and develop the notion of tensors
for twisted diffeomorphisms generated by a full phase space vector

¢ =" (X) %01 = &' (w,p) * 0 + &ilw, p) x ih T (5.5.1)

5.5.1 Scalars
A twisted scalar f = f(z,p) = f(X) is a quantity transforming as
Sef = Lif =& % 01f =& %0, f + & *ihLf . (5.5.2)

If we had instead chosen the convention V' = 9;x V!, additional terms would have appeared
from commuting the derivative. Using ([5.4.11]) we see that the Leibniz rule is now more
involved

Li(frg) =& %01(fxg)

(5.5.3)
=& % (01 %)+ & * (f % Org) — F5& % (8, f % Okg) -
Nevertheless the additional term can neatly be taken care of by the R-matrix
C2(f % 9) = (CLf) % gl5 +R(S) * (5%@)9) |2 (5.5.4)

This formula can most easily be derived using the star commuting derivative operator 9
(p.4.21)) by writing £f = {x 0. As we can see here the R-matrix is indeed capable of
organizing all additional terms such that we get the same form for the Leibniz rule that

we have encountered before ([5.3.15)).

5.5.2 Vectors

Following the discussion around (|5.3.20) we define the transformation of a vector V' as
6V =LV =16, V]:=[,]oF". (5.5.5)

Writing the commutator out explicitly results in

LV =E(V) = R(V)(R(E))

_ _ 5.9.6

251*81VJ*8J—R(V)I*GI(R(QJ)*@. ( )
The I-th component of (EEV)I can be computed using ([5.4.17))
LV =¢7 x 0,V = R(V7) % 0, (R(€!

i3 J ( ) J( ( )) (5'5'7)

— R(On V) % 0, (R(Ex)) FMN
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In a rather long computation with nice cancellations we checked the consistency of this
algebra when applying consecutive twisted diffeomorphisms

L5, L5 f = E())le — R (RE) ()| = Lien, S - (5.5.8)

Most easily shown with Hopf-algebra techniques [114] the closure of the algebra is guaran-
teed by the Jacobi identity

[U7 [Va W]*]* - [[Uv V]*? W]*|$ + [ﬁ(V), [ﬁ(U)a W]*]*|¢>2 : (5'5'9)

5.5.3 One-forms

The variation of a twisted one-form can be deduced from the variation of the one-form
Of = dx! x 9; f where we used the star commuting derivative operator 9. This makes the
computation very easy as we can switch ¢ and 0 without extra terms. One gets

5;0f = 5L f

=0 % Orf) = 0" x Orf + €& % 0;0f . (5:5.10)
From this we deduce for a general one-form w = dx’ x w;
Liw =& % 0w+ 08" xwy, (5.5.11)
or in components
Liwp =7 % Oywi + 0187 *wy . (5.5.12)

Again the consistency of this definition must be checked and indeed a contraction between
a form and a vector transforms as a scalar as it should

,Cz(VI *(.U[) = ,CEVI *w1|$ + ﬁ(VI) * E%(g)wﬂqy . (5513)

5.5.4 Tensor products and twisted p-forms

Having forms and vectors we can also build higher tensors using the star covariant tensor
product ®, := ® o F~!. Being dressed with the appropriate twist the Leibniz rule takes
the meanwhile familiar twisted form

LV @ W) =LV, W+ R(V) @ LWl - (5.5.14)

Using this rule we can deduce the transformation law for an arbitrary element say in
T € TM ®, TM only if we have a split

T=A,®,B*€TM®, TM (5.5.15)
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at hand. To be more general we introduced a possible internal summation over a. Both
A, = Aé *0; € TM as well as B* = B x9; € TM are vectors. For later reference we
commute the basis vectors to the right using ({5.4.9)

TZAQ*@]@)*BQJ*aJ

5.5.16
= (AL« B*7 — FMNT A % OB % (07 ®, 0y) . ( )

To define symmetric and antisymmetric tensors we need a definition of the transpose. The

most natural definition of a transpose of the above T'is TT = R(B%) ®, R(A,). The
computation using (5.4.17)) simplifies due to nice cancellations and a similar form as in

(5.5.16|) appears

TT = R(B* % 0;) @, R(AZ % 9;)

5.5.17
:(Ai*BaI_FMNIAQM*aNBaJ>*<a] Ry 0j) . ( )

The R-matrix does nothing but interchanging the indices whenever a tensor is written in
this form.

Scalar products between higher tensors are computed using dx!x9; = 6% after commut-
ing the basis vectors and forms together. For a two-vector A ®, B € TM? and a two-form
wR, o € T*M? we get

<A Ry B , W Ry (I>* = (A]*BJ) * ((JJJ*OéI) — FIJK(A[*aJBM) * ((,UM*OZK)
—FHE (A% BM) % (0w * o) - (5.5.18)
Using (5.5.16]) and the observation that the transposition interchanges only indices (5.5.17))

one can infer the transposition symmetry

(A®, B, w®, a), = (R(B)®, R(A) , R(a) @, R(w))s. (5.5.19)

With this we can straightforwardly define higher p-forms w € A?T* M where the star wedge
is A, = Ao F~1. Star wedging two one-forms then amounts to an R-antisymmetrization

WAL =w®, a—R(a) @, R(w). (5.5.20)

Alternatively one can define the star wedge by the R-antisymmetrization of their action
onto vectors due to

(AR, Byw Ay )y = (A®, Byw ®, )y — (R(B) @, R(A),w @y )y . (5.5.21)

Having a star wedge and star p-forms let us take an aside and clarify how to translate
ordinary tensors into their star version. Let us look at a two-form w when acting on two

vector fields X and Y

w(X,Y) = —w(R(Y),R(X)). (5.5.22)
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We can always shift the basis forms to the left using (5.4.9) to get
wX,Y):=(X®,Y, (d! @, dz”) xwry),. (5.5.23)

The defining property ([5.5.22)) then becomes
WX, V) +w(RY),R(X)) = (X'« Y + FIMN X« OnY ) 5 (wrg+wyr). (5.5.24)

Therefore usual non-star antisymmetric tensors give rise to R antisymmetric twisted p-
forms. By the same computation also usual non-star symmetric tensors can be translated
into R-symmetric twisted tensors. But this does not mean that a transition from non-star
tensors to twisted tensors is trivial. Looking at one sees that writing w with the
basis forms to the left as in yields internal corrections in w. Of course one can see
5.5.23|) as fundamental without corrections but then the transformation law governed by
5.5.14]) becomes very complicated. Furthermore as discussed in the star product has
to be used in the explicit expression of the tensor. As such a direct translation of ordinary
higher tensors to their star version is not as non-trivial as one might think. Here we do not
see a way to fix the ambiguities and therefore we will proceed with fully general tensors.
Lastly we note that the exterior derivative d = A, commutes with the star product

dw @y ) = dw @, o+ w @, da . (5.5.25)

5.6 Differential geometry

In the following section we will develop consistent definitions for the most important objects
of general relativity, the covariant derivative, the torsion and the Riemann tensor.

5.6.1 Covariant derivative

Having a consistent notion of twisted tensors let us go on with connections and covariant
derivatives. We start with computing the anomalous variation Af := d; — Lf of the
derivative of a covector Ow. For the definition of the one-form 0 recall . Using the
star commutativity of 0 one finds

Af Ow = 00 *w; . (5.6.1)

We introduce a connection I' to compensate for the anomalous transformation of Af dw.
By commuting the basis vectors to the left and right on cost of correction terms in I' we
can always write I' in the form

I'= dxl*dx‘]*FUK*ﬁK. (562)

The covariant derivative is V = 0 — I where the ' acts with a contraction. Notice that
we have a choice whether V acts from the left or right onto the form w. Since 0 commutes
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with the star product this equals the choice from which side I' is multiplied on. The two
choices are denoted as

?w:V(w):&u—F*w

and %w — (W)V = dw —wT. (5.6.3)

Recalling the convention that all basis forms are on the left one realizes that the first

definition ? contains the especially simple term I'® % wg while the second form % gives
additional terms from the R-matrix. Nevertheless both definitions are fine and cancel out

the anomalous variation if AT = 00¢
AT xw) = AT xw = 90 xw,
Ag(wT) = R(w) * Azl = R(w) % OOR(E) (5.6.4)
= R(w) x R(DE) = DOE xw .

Both definitions can also be seen as consequence of the usual axiomatic definition. One
defines the covariant derivative as a map T*M — T*M ®, T*M obeying Vf = 0f for
scalars and the Leibniz rule. We deduce

Vo = V(da' * wr) = V(da') *w1|$+ﬁ(d$1) * R(0)wr

(5.6.5)
=0w—T*w,
and analogously for %
Vo= (da! xwp)V = (d2"YR(V) x R(w;) + da’ * dw; (5.6.6)
=0w—w*I. o
The same procedure can be repeated for vectors. We find
Af OV = —R(V)x 00R(§) = —09& * V. (5.6.7)

Again this anomalous term can be compensated by a covariant derivative. Being non-
commutative we again encounter two consistent covariant derivatives

YV =V(V)=8V +TxV

(5.6.8)
and %V:(V)VzaV—I—V*F.

For vectors % is especially simple giving V! «I';. As such using ? for covectors, and % for
vectors seems to be the most convenient choice. This convention is furthermore justified

by

UV w4 Vs Ve = OV 4w) + (V5 D) xwly — V o+ (T xw)|e

W rw), (5.6.9)



5.6 Differential geometry 119

showing that here the covariant derivative, similar to 0, acts without R-matrices. Using,
for instance, only V gives a covariant derivative that is also compatible with 0, but now
R-matrices appear explicitly

VWV xw) = TV swls + R(V) # (R(T)w) | = OV #w).

_ _ 5.6.10
VOV xw) = VxwV], + VR(V) * R(w)|2 = 0(V xw). (5:6.10)

When defining the directional covariant derivative we face another choice of convention.
Taking the covariant derivative of a vector Y = Y x 9; into the direction of X = X7 x 0

we can multiply X from the left or the right onto VY. Together with the choices % and
we have in total four possible conventions. As we will see when defining the torsion tensor
we should rather use a convention where X and Y are placed together and, additionally,

have a bracket around them. This leaves two choices of which we take
VyY = Vov = X« VY], = X #0Y + (X @, V) +T ——
= X*x0Y +(X®, Y, I),. -

While not saying it explicitly, this convention was also used in non-commutative but asso-

ciative gravity [142]. In components we find
VxY = X' %0V %05 + (X %Y T/ % 0 (5.6.12)
—FMNJ(XM*GNYI)*FUK*aK. o

For later reference let us note
VraRIX) = R(Y) « 0R(X)” %0, + (X7« YT) % T, % 0k

5.6.13
—FMNI<XM*6NYJ)*F]‘]K*6K‘ ( )

5.6.2 Torsion

By defining a torsion let us fill a crucial gap in the literature. The torsion can be defined
as the antisymmetrized covariant derivative VA of the frame dz!. Being in a holonomic
frame we have

TK — VM de® = TK = (da! A, da”) « T1)% | (5.6.14)
leading to the familiar constraint
™ =0. (5.6.15)

Probably the definition 7' = VxY —Vy X —[X, Y], which uses only vectors is more familiar.
To guarantee that all definitions for the torsion match we use the T% of (5.6.14) and turn
the wedge into an antisymmetrization of the arguments according to ({5.5.19))

T(X,Y):=(X®,Y, TF x k).
= (X ®, Y, de' A, dz’ x T, % 0g), (5.6.16)
=(X®, Y -R(Y)®, R(X), do' @, do’ xT ;% x0k), .
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Adding and subtracting X x9Y = X (Y') we recognize the covariant derivative ([5.6.11]) and
an intuitive star version of the torsion

T(X,Y)=VxY — VgyR(X) - [X,Y].. (5.6.17)

Notice that we needed a convention where X and Y are placed together. If they were
separated like X xI'xY" the appearance of R(I") would have spoiled the result from (5.6.16]).
In components we find

T(X,)Y)=(X"%Y) + FIMN X % OnY )% (Dry = Typ) . (5.6.18)
For basis vectors we reproduce the usual constraint

(T(0r,0y),dax™), =T, =Ty (5.6.19)

5.6.3 Riemann and Ricci tensor

When interpreting the connection I' = dz® @, da! « g * % 01, as a matrix-valued one-form
Il = da’ « T " the Riemann tensor can be defined as its exterior covariant derivative

Rg* = V™ Tt =dlg” — TP A TpE. (5.6.20)
Tensoriality is most easily verified in the form
R=dx™ x Rg' « 0, =dl' =T A, T, (5.6.21)

when using the anomalous transformation AfI" = J9¢, nilpotency of d in dO§ = dd§ = 0
and the R-antisymmetry of A,. This definition can also be found in [I13] but a connection
to a vector formalism was not established. To achieve this we proceed as in the case of the
torsion and contract R with vectors

RX,Y,Z): = (X ®,Y)®, Z, R),

5.6.22
= (X @, Y)?, (Z"? % R™® % O1))s - ( )

Similar to the torsion, one expects this to equal the common definition
R(X,Y,Z) = — ((VX e V) Z = (V) ® Vaw) Z - V[Xﬂ*z) , (5.6.23)

where a minus was introduced to match both definitions and where we used the bullet
composition from ([5.3.23). The evaluation of necessitates a careful treatment of
the order of operations. Indeed already in V xY two consecutive operations have appeared.
First, we have to act with V from the right and afterwards we contract the result with X
from the left. We will call the contraction in the following iy. Furthermore the brackets
enclose X and Y. In total

VY = (ix (V) ¥ = (v

(5.6.24)
= ixdY +i%(Y?+T?) = X «0Y + (X @, V).
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The composition in (5.6.23]) should actually read
(Vx o Vy)Z = [(ix 0iy)(2)] (V o V). (5.6.25)

Using this, we showed in appendix |C| that the definitions (5.6.23) and ([5.6.22)) indeed

match. This relies heavily on the definition VxY := V3 for vectors and the other way
round for forms. Other conventions will produce different results which only for vectors
X,Y, Z ~ O give the same result.

How the Riemann acts on components can be read off when putting

R = do"®,dx’ A, dx’

(5.6.26)
* [aIFKJL — D" *Tps" — FIABaAFKJP * FPBL} *x0p,

and
(X®,Y)®, Z = [(XJ*YI)*ZK (5.6.27)
—FABIXG 5 0p (Y19 % ZK9) — FABL (XY V) % 02K

—FABIROPIX G 4 0p(YE x Op Z5 )| % 05 @, 0; @, O .

together in ([5.6.23)). As one can see from
R[]KL I:<R(a], 8], GK), dl’L>*

(5.6.28)
=20uTxn” = 2Tk * Targy™ = 2 F " 0aliep™ * Tas”

the components of the star curvature contain a correction term even if internal corrections
in the metric and the connection are absent. Further corrections appear in the Bianchi
identities. While for torsion free connections the first Bianchi identity holds

Rijk" + Rirs" + Ryxr” =0 (5.6.29)

the second Bianchi identity has a correction proportional to the associator

1

§v[lRM]MN =
(5.6.30)

|: (F[lMA *FJAB) *FK}BN — F[lMA * (FJAB *FK]BN) ] + O(F) .

A further evidence for the convention ? for covectors and % for vectors appears in the
computation of the second Bianchi identity. Only for the particular choice, the terms
~ JI' xI" and ~ I'" x 9" cancel each other out. Having a Riemann tensor the Ricci tensor
is

Ric(Y, Z) : = (R(01,Y, Z), dz"), . (5.6.31)
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5.7 Scalar products and the metric

Since both the definition of a Levi-Civita connection and a Ricci scalar need a metric let
us define a star metric as an R-symmetric element in 7*M ®, T M

9(X,Y) = g(R(Y), R(X)), (5.7.1)
which we write as
g(X,Y):=(X®, Y, (d'®,dc”)*gr)),. (5.7.2)
The symmetry translates in components in

0= g(X, Y) - 9(R<Y)vﬁ<X))

(5.7.3)
= (X% Y7+ FIMN X 5% OnY ) % (917 — 911)

such that g;; must indeed be symmetric.

5.7.1 Scalar product

Having a metric we can define a scalar product. Since we have three objects, the metric and
two vectors, there are several inequivalent choices how to define the star scalar product.
Let us explain the two most convenient choices where the vectors are placed together.
However, we find that both have a major disadvantage.

R-symmetric scalar product

Let us define an R-symmetric scalar product by
(VW) = (V@ W), g)s - (5.7.4)

Using ([5.5.19)) the R-symmetry of g translates into the R-symmetry of the vectors

(Ve, W), 9). = (RW) @, R(V), g)x - (5.7.5)
For v = v x 0; and w = w * 0; the scalar product reads
(v, w)? = (V" % w!) x gy . (5.7.6)

The metric as a star duality map

Recall that the metric can also be regarded as the duality map 7'M — T™*M acting through
g(W) = (W,g), € T*M. This element of T*M can then be contracted with another vector
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defining a star scalar product (V, g(W)),. For v = v 0; and w = w % 9; the scalar product
reads

(v, g(W))x 1= V" * (W * gij) . (5.7.7)

Clearly this scalar product corresponds to the second choice of bracketing and is related
to by an associator. The bracketing has the disadvantage that it is not
R-symmetric in contrast to . In turn, the R-symmetric has the disadvantage
that there is no way to find a dual vector which induces the scalar product.

5.7.2 The inverse metric and the Levi-Civita connection

To truly speak of a star duality map between dual vector spaces T'M and T*M makes
only sense if there is an inverse such that ¢g='(g(V)) = V. Only then TM and T*M are
connected bijectively. If there is no g~!, there is, for instance, no appropriate scalar product
on T*M but only on T'M. But even if we renounce on a duality we need an inverse if we
want to find a Levi-Civita connection Vg = 0. Assuming I'j; J]K = 0 we arrive at

(de'®,dr’ ®, dz™)
* [31gJK + 8Jg[K — 8Kgu} = (dZEI Ry dl’J) * 2F[JL *d{L‘K * JLK (578)
=2I"xg,

To express I in terms of the metric one needs to solve an equation G~'(G(V)) = V. This
is the reason for defining the inverse by G™1(G(V)) = V.
Let us start with an easy example v = v* x 9;. The inverse must fulfill

(V% % giy) * (g7 )" =o' (5.7.9)
Let us stress that this definition of an inverse deviates from the usual definition
gij % (g7 )k =5 (5.7.10)

and it is very important to realize that due to the appearing associator an inverse satisfying
does not satisfy . This is only true in the associative case where an inverse
was constructed in [142].

Now take the definition and expand it in derivatives of v*

(’Uk *gkj) * (g’l*)ji = (vk . gkj) * (gfl*)ji + o0k

g 5.7.11
= k. (gkj * (g_l*)ﬂ) + o0k ( )

Since this has to equal v*, we conclude that an inverse satisfying also has to satisfy
(5.7.10). This is a contradiction unless the associator vanishes ¢(-, gxj, (971)") = 1. Star
products which satisfy this property are called alternative. But as one can see in ([5.3.7))
the R-flux star product is in general not alternative. For arbitrary functions of z and p
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this is spoiled at linear order in the R-flux while for functions of only x this is spoiled
at quadratic order in the R-flux. We conclude that in general there is no inverse for the
R-flux star product. However looking for instance at scalars we have already identified a
class of scalars for which ¢(f, f*~!,-) = 1 namely the exponentials f(z) = exp(ikz) and
therefore all functions with a Fourier transform. Their x-inverse is f*! = exp(—ikz).

The above arguments can be made more concrete when working in linear order in the
R-flux and assuming g = g(x). Due to ((5.7.11)) we want to find solutions to

gy * g E=0" + O(R?), g5 % g = 0F + O(R?) (5.7.12)

Due to the non-commutativity it is a priory not guaranteed that the left and right inverse
coincide and indeed they do not. Up to linear order the solutions are

*—1ij ij ilt pabe im nj 4 pabe im nj
gle:g]—éRbpcg agmnabgj‘i‘%Rbaag 8bgmnacgj7 (5713)
*—1ij ij ilt pabe im nj 4 pabe im nj o
g7 = g7 — R D, 009" o 9 — 5 R 0ug™ Oy Do
It is instructive to write them in the form
*x—1ij _ o ij im nj
g = 29 — g x (gmn * g ) 5
f_u' B . . (5.7.14)
91 7 =297 = (9" * Gmn) x g .

One can observe that they differ by an associator such that in the associative case both
coincide. When neglecting the brackets the expressions coincide with the inverse in presence
of an associative star product [I43]. Just like there the inverse is not symmetric anymore
while the symmetric part is given by the usual inverse. Furthermore note that one can
start with a momentum independent g;; but ends up with a momentum dependent inverse.
This shows that we have to work with the whole phase space and a restriction to fields
that depend only on the configuration space is not justified from the beginning. Also the
two inverses we found do not satisfy the defining equation of an inverse, e.g.

(vk * gk_j) * (g;zl*)j" =o'+ %Rabc 0" Ob G 09" + O(R?), (5.7.15)

Without inverse we see no convincing way to define a Levi-Civita connection and it is
not clear how to contract the Ricci tensor into a Ricci scalar to write down an action.
Furthermore we do not see a way how the duality between T'M and T*M can be made
consistent [1%]

15Tn a private communication Richard Szabo and Paolo Aschieri told us that they found a way to write
down an operator inverse. While this allows them to obtain Levi-Civita connection this solution has several
drawbacks: The no-go theorems we proved here still hold and the inverse as individual object does not
exist, only an inverse of the operators fx or xf. Therefore one cannot define a Ricci scalar and a action
and nor does there exist a scalar product on T* M, therefore the T M <> T* M duality is manifestly broken.
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5.8 A glimpse at a star Einstein-Hilbert action

Let us be agnostic about the problems we cannot give a definite answer to, and still try
to gain insights into how the star product might be reconciled with the diffeomorphism
symmetry of string theory. In the following we collect possible R-flux corrections in the
action and see whether there are mechanisms that make them vanish. We will work in
linear order in R to have at least something like an inverse.

A natural candidate for an action is

S = /ddx d"p /g * Ric. (5.8.1)

Some comments are in place:

e We embed the usual spacetime metric into the full metric via

g =da’ ®, dal x gij(x) + Lt @, Ly (5.8.2)

We see the metric and /g are elementary objects which depend only on the coordi-
nates. Therefore we neglect the possibility of internal corrections. This is reasonable:
If we find problems for the easiest case there will be problems in complicated cases,
too. For g = g(x) the correction term in vanishes in the Ricci scalar.

e The action is twisted diffeomorphism invariant if the measure y = /g transforms as
twisted scalar density dep = &7 * O+ 016" %

e The momentum enters only through the star product and therefore only linearly. So
we naturally restricted to p =0 due to [dpp = 0.

Let us analyze the corrections coming from the star product. The first class of terms in
the action has the form

Sy :/dd:v\/ﬁ*g_l*ﬁl“: /ddx gxg ' x0(0gxgt). (5.8.3)

Right now we do neither want to fix a bracketing, nor the order of the terms and whether
we use the left or right inverse. Instead we want to examine whether there is a choice such
that the non-associativity indeed only gives boundary terms as suggested in [I08]. For sure,
terms coming from the star product will produce only boundary terms but we have spotted
other sources of R-flux corrections like the linear correction in the inverse metric (5.7.13)).
Since the corrections in the inverse metric are purely antisymmetric, the corrections can
be trivially absent if they are coupled to symmetric indices. A small computation shows
that there is another possibility

/ d' (g;7) " s = / 'z R™ 049" Oygunn 0c(9"bis)
(5.8.4)
= / dz 0, (Rabc 0u9"™ ObGrrin ™ Vi ) .
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Therefore the corrections from the left-inverse of the metric give boundary terms if they
the left-inverse is located completely to the left. Similarly the right-inverse gives boundary
terms when placed to the right. As such for the first class of terms we can find an order
where the corrections linear in R give only boundary terms. The second class of terms in
the action has the schematic form

SQZ/ddac g*g_l*F*F:/ddx gxqg  x0gxg L x0gxg. (5.8.5)

Having three inverse metrics, not all of them can be placed completely to the right or
the left. Furthermore the index structure is such, that the inverse metric is not always
contracted with symmetric indices. As such the correction from does not vanish.
For the second class of terms there is therefore no obvious reason why the corrections linear
in R should vanish or give boundary terms.

5.9 Conclusion

Let us compare the results with the project goals. We have first succeeded in translating
the mathematical work of [112, [113] into an accessible language and secondly we filled the
existing gaps of the literature. We have come to a point where we do not see a way to
overcome the problems in the construction of a non-associative star gravity. All problems
are connected to the introduction of a metric. When proceeding we could not find a way to
reconcile the star product and its twisted diffeomorphisms with string theory, for instance
by producing only boundary terms.

One possible conclusion one can draw is that it is not possible to construct a gravity
with non-associative twisted diffeomorphisms as symmetry. Since gravity is present in
all string theories, this would mean that non-associative twisted diffeomorphism cannot
appear in string theory. Of course it could be the case that we miss a solution to our
problems.

This conclusion would complete the critique of [I39] where they came to a similar
conclusion in case of the open string star product. We want to stress that this does
not rule out the existence of the star product in the gravity sector but instead it reveals
something about the twisted symmetry we used. It supports the arguments of section
that twisted symmetries are not physical and cannot play a role in string theory.
Of course there might be a completely different solution to reconcile gravity with a star
product. What this looks like is completely unclear, especially since the twisted Leibniz
rule appears rather naturally for a non-associative star product, see ((5.2.37)). But in light
of the problems that the action had it is likely that the star product does not simply
appear between the vertex operators.

The most promising way to tackle this problem is, in our opinion, a conformal field
theory computation in which one constructs the graviton vertex operator to derive its
correlators. Omnly then one can answer if and, if yes, how the star product enters the
gravity sector of string theory. Being a free theory the most promising CF'T to look at is
a freely acting asymmetric torodial orbifold.



Appendix A

Details about the computer program

In this appendix we will discuss details about the computer program that performed main
parts of the computations that lead to the classification of asymmetric Gepner models
in four, six and eight dimensions with at least eight supercharges in chapter [4 Since the
stochastic search demands a high performance program we did not implement the program
in mathematica but rather in Java. Instead of stating the code we put an emphasize on
the structure and other major issues that had to be dealt with.

A.1 Object oriented structure of the program

Let us outline the structure of the Java program by describing the different classes we used.
As Java is an object oriented programming language, this section requires basic knowledge
of object oriented programming and, in particular, we will use its specific terminology of
classes, objects, constructors and inheritance. To make this section accessible to those
who are not familiar with these terms, we start out with a short introduction into object
oriented programming before we outline the structure of the program.

A.1.1 A lightning review of object oriented programming

Object oriented programming is characterized by defining objects that are abstract models
of some actor in the program. An object stores the variables that define the state of the
actor and provides functions to deal with the variables.

Typically the variables are hidden from the rest of the program and only accessible
through functions that serve as interface to communicate with the object. In this way
the object manages the information it carries independently from the rest of the program
while the remaining program is fully blind to the actual implementation. This justifies
the notion that an object is an independent actor. Having independent actors and well
defined interfaces is in particular useful for bigger projects since it structures the program
into many independent modules that can be taken care of by different groups.

The programming code to define an object is written into a document called class. One
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can create as many objects of one class as needed. When a new object is initialized there
are certain functions in the class that must be called. They are called constructors and
usually ask for the variables that are needed to characterize the object.

Still there are often functions that are independent of the objects, like functions that
implement certain mathematical operations. These functions are collected in static func-
tions. They can be called even without initializing an object and can be used to program
in the usual procedural programming style if desired.

A frequently used concept in object oriented programming is inheritance. Let us ex-
plain this using an example from the program. A state in a Gepner will form an object
of the class GepnerState. This object carries the quantum numbers of the state and has
functions to compute the conformal dimension, charge and so on. While a simple current
is a state in a Gepner model as well, the simple current object should also provide us with
additional functions, for instance, to compute orbits. As such the class SimpleCurrent
inherits from the class GepnerState. This means that SimpleCurrent inherits all the func-
tionality including variables and functions from the GepnerState class, but, on top of that,
we can add functions specific to simple currents. Since an object of the SimpleCurrent
class is an enhanced GepnerState object we can treat an object of the SimpleCurrent also
as an GepnerState object and hand it over to functions that ask for a GepnerState object.
This is called polymorphism.

A.1.2 General structure

Considering the size of the program a project oriented programming style might seem
overpowered. A closer look, however, reveals that Gepner models have a structure that
naturally translates into an object oriented program structure. States in a minimal model,
a state in a Gepner model, simple currents and a full Gepner model are exactly the inde-
pendent actors that are supposed to be implemented using objects. Therefore an object
oriented programming style was chosen for the program. It turned out that, although
being a small program, the modularized structure was very useful when it came to testing,
modifying and extending the program.

Let us shortly summarize the structure by stating the purpose of each class. The way
the names of classes and functions are written follows the usual nomenclature of Java
programs.

MinimalPrimary represents a primary of a minimal model.

GepnerState represents a state of a Gepner model by collecting the tensored minimal
models and the §6(D — 2); label into a single object.

SimpleCurrent inherits from GepnerState and provides the additional functionality
of a simple current.

Exceptionallnvariant inherits from SimpleCurrent to realize exceptional invariants in
a unified way.
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e GepnerModel collects the data of a full Gepner model, thus it stores the levels and
the simple currents. Furthermore it provides functions to compute the spectrum.

After this overview we will now turn to the internal structure of each class by stating their
most important variables and functions.

A.1.3 MinimalPrimary

The smallest independent actor is a primary of a single minimal model. Such a primary
is represented by objects of the class MinimalPrimary. It stores the quantum numbers of
a primary (I m s) and the level k into integer variables. Due to performance issues the
conformal dimension is stored in a variable instead of being computing on demand.

The constructors ask for (I m s) and the level k. To compute the conformal dimension
the triplet (I m s) is first brought into the standard range using the modulo
relations and the Z, identifications . Then the conformal dimension is
computed using and all variables are stored in the standard range. The main
functions in the class MinimalPrimary return the conformal dimension, the charge, the
level and the triplet (I m s) as array of integers.

Worth mentioning are the additional static functions. One of them returns a list
MinimalPrimary objects that contains all chiral and/or antichiral primaries according to
. Another function returns all simple currents for a given level following .
Yet another function implements the fusion rules by taking two minimal primaries
and returning the fused minimal primary. This fusion is unambiguous since the program
only fuses a state and a simple current such that the result is a single state.

A.1.4 GepnerState

The next step in the hierarchy is a full character of a highest weight in a Gepner model
represented by an object of the class GepnerState. GepnerState collects several
minimal model objects in an array and has an integer variable s = —1,0,1,2 for the
representation of §0(D — 2);. There are functions that return the conformal dimension,
charge and the quantum numbers of the characters. These functions are doubled to have
separate functions that return the appropriate values before and after applying the bosonic
string map .

There is a static function that fuses two states into a third one. It uses the adding
routine from the minimal primary class and adds the s0(D — 2); state according to the
dimension dependent fusion rules in ([2.2.21]).

There is also a function getMonodromyCharge(Simple Current) that computes the mon-
odromy charge of the Gepner states with respect to a simple current that must be handed
over to the function. The function uses the definition since the ingredients of the
formula are all easy to compute for the computer.
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A.1.5 StateList

The class StateList collects several objects GepnerState into one object. StateList inherits
from the standard class ArrayList that provides the functions to store and manage the list
of GepnerState objects. On top of this we added several handy functions to the StateList
class. One of them erases all states with h # 1/2 to leave a list with only massless states.
Other functions count the number of states in the list with a particular §0(D — 2); label.
These numbers are needed to count the number of multiplets.

A.1.6 SimpleCurrent

The class SimpleCurrent represents a simple current. Since a simple current is also a state
in a Gepner model, it inherits from the class GepnerState. As such all functions from
GepnerState like computing conformal dimensions etc. are inherited from GepnerState
and also simple current objects can be collected into a StateList. On top of that there are
variables that store the specific data of a simple current and functions that compute the
partition function that is associated to a simple current.

When a simple current object is initialized, first a function is called to compute the
length N, of the simple current by repeated self fusion until the vacuum appears. After
storing the length in a variable, another function is called to compute the monodromy
parameter r* of the simple current using . In case r is odd and N, is even where
the simple current does not lead to a modular invariant partition function, the fake values
r = —100 and length N = —100 are stored to signal that this simple current has no
associated modular invariant partition function.

In case the simple current is viable we implemented a function getOrbit(GepnerState)
to compute the associated modular invariant partition function. More precisely getOr-
bit(GepnerState) computes all states the a state is coupling according to and
(2.3.16)) and returns these states in a StateList object.

A.1.7 Exceptionallnvariant

Recall that the modular invariant partition functions of the minimal models follow an
ADE classification ([2.2.42)) where the A represents the diagonal partition function and the
D series can be implemented by a simple current . Lacking a simple current for the
E invariant, the E invariant has to be implemented in another way. Let us explain how to
solve this problem elegantly.

The only purpose of simple currents is to generate a modular invariant partition func-
tion. As such getOrbit(GepnerState) is the only function of the SimpleCurrent class that
the remaining program calls. getOrbit(GepnerState) returns only the information to which
states the a given states is coupling to, while it is completely unimportant how these states
were computed. This consideration suggests that we write a class Fxceptionallnvariant
that inherits from the SimpleCurrent class and overrides only the getOrbit(GepnerState)
function according to ([2.2.42)). Due to polymorphism the program can treat an object of
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the class Fxceptionallnvariant on the same level as SimpleCurrent objects fully blind to
the actual nature as exceptional invariant.

When inheriting, the compiler demands all constructors to be overridden as well. The
constructors of the Exceptionallnvariant class only check, whether the level is appropriate
to support an exceptional invariant.

Notice that this treatment of exceptional invariants would produce errors if the pro-
gram called a function like getConformalDimension() in the Exceptionallnvariant class.
Therefore when writing the rest of the program one has to make sure that these functions
are only used indirectly through the getOrbit() function. Although it worked out well in
this small program this is bad programming style and very error-prone in bigger projects.
Actually Java provides an alternative concept called interfaces that could eliminate this
potential source of errors. An interface is a list of (not yet implemented) functions. If a
class inherits from an interface it must implement every function of this list. Here, an in-
terface, say PartitionFunction, could represent a matrix in a partition function (2.2.11)) and
the list of functions in the interface would only consist of the getOrbit() function. Then,
both SimpleCurrent and Ezceptionallnvariant would inherit from the PartitionFunction
interface. When computing the modular invariant partition function the program would
use a list of PartitionFunction objects. But having a list of PartitionFunction objects the
program can only call the getOrbit() and no other function even if the SimpleCurrent class
might as well inherit from the GepnerState class. The advantage is that the programm
can treat every object only in exactly the way it is used for and the purpose of each ob-
ject is clearly separated. A disadvantage of this solution is that PartitionFunction objects
cannot be collected into a StateList object. Therefore we did not use interfaces in our
implementation.

A.1.8 GepnerModel

Finally a whole Gepner model is represented by an object of the class GepnerModel. The
information carried by a GepnerModel object consists of the levels of the minimal models
and the chosen invariants. It collects all simple currents in a StateList object and provides
functions to get the orbits of any state with respect to all the simple currents. There are
also functions that return the whole spectrum of the Gepner model.

When the constructor is called, the program first checks whether the central charge is
correct. Afterwards the program creates SimpleCurrents objects for Jaso, J; (see
and ) and possibly for the D and E invariants and adds them to the simple current
list.

Since we construct asymmetric CFTs with additional simple currents there are functions
that add further simple currents to the Gepner model. After adding the asymmetric simple
currents, it is usually the spectrum that is asked for in the next step. Let us explain
the procedure to compute the spectrum step by step. Every step of the computation is
implemented as individual function. If an intermediate step is called, the function calls all
prior steps if necessary. Roughly speaking, the procedure goes from the right to the left in
the partition function (3.2.1)).
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In the first step the function getInstates() is called to get a list of all states that can
come from the right in (3.2.1)). Notice that it is enough to create all (anti)chiral primaries
in the minimal sector with s = 0 and total conformal dimension 1/2. The reason for this is
that all other states appear in the orbits of J; and Jgso. Then the simple currents for the
ADE classification and the additional asymmetric simple currents follow. The resulting
usually very large StateList object is then reduced to the massless states with conformal
dimension 1/2. Notice that the orbit of the vacuum is treated separately but of course it
undergoes the same procedure.

Having acquired all states that appear on the left we still have to find out to which
states they couple to on the right. Due to the placement of the simple currents we have
Ng > 1 such that there is always a fixed structure for the right-moving states that we
collected in section [4.2] The rightmoving supersymmetry is deduced by computing the
orbit of the left-moving vacuum state by following from the left to the right.

Having knowledge about all massless states there are functions which implement the
interpretation and output of the result. For instance of them returns the field content
while another one returns the multiplet structure. There are different output functions
that write the results into the console in different levels of precision. A typical output for
a Gepner model with only A invariants is

Gepner Model (c = 9.0):
=111, 1, 2, 2, 2, 10]
Invariants: [ 1, 1, 1, 1, 1, 1]

Nonstandard Simple Currents:
{{0,0,2},{0,1,1}, {0, 1,1}, {0, -2, 2}, {0,2, 2}, {0, — 11,1}, S}
{{0,0,2},{0,1,1},{0,1,1},{0,-3,1},{0,2,2},{0,2,2},V}
Charged sector: (+1 1,0) = (2,2,4) plus 1 vacuum orbit
Vacuum sector: (+1,—1,0)=(1,1,0) coupling to (2,2,2)
Susy: N=3, nV=1+2

A more elaborate output then prints every orbit separately. The program correctly sub-
tracts these vacuum orbits in the charged sector. Another output function writes all orbits
into the console

Multiplicity: 1

Vacuum orbit:

{{1,2,1},{0,1,1},{2,3,1},{2,3,1},{0,1,1} {O 1} S} q=2.5
{{0,1,1,{1,2,1},{0, 1,1}, {0, 1, 1}, {2,3,1}, {10,11, 1}, C} q=1.5
{{0,0,0},{0,0,0},{0,0,0},{0,0,0},{0,0,0},{0,0,0},V} q=0.0

Charged orbits (gq=1 & g=-1!):
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7. 0Orbit of {{0,0,0},{0,0,0},{0,0,0}, {2,—2,0},{2,—2,0},{0,0,0},0} q=1.0:
{{0,1,1},{1,2,1},{0,1,1},{0,1,1},{2,3,1},{10,11,1},C} gq=1.5
{{0,0,0},{0,0,0},{0,0,0},{0,0,0}, {0,0,0},{0,0,0},V} q=0.0
{{1,2,1},{0,1,1},{2,3,1},{2,3,1},{0,1,1},{0,1,1}, S} q=2.5

22. Orbit of {{0,0,0},{1,—1,0},{0,0,0},{0,0,0},{0,0,0},{8,—8,0},0} q=1.0:

{{1,2,1},{1,2,1},{0,1,1},{0,1,1},{0,1,1},{8,9,1}, S} q=2.5
{{1,1,0}, {0,0,0},{0,0,0},{0,0,0}, {2, —2,0}, {2, —2,0},0} g=1.0

and so on.

A.1.9 DMain

The main class is easy to describe. It creates a GepnerModel object with chosen levels
and invariants and hands over additional simple currents. Then it calls the choosen output
functions in the GepnerModel class.

A.1.10 SearchForSimpleCurrent

This class is a routine to search for new simple currents that generate models with the
desired properties. It requires the specification of a Gepner model, thus the levels and
invariants, how many simple currents should be added simultaneously and over which
minimal factors the search should run to. According to this choice the program creates
the simple currents by fetching the simple currents of the selected minimal models and
equipping them with any possible value for the §0(2); label. The result is a usually very
long list of simple currents that will be used to create new models. If one chooses to add
more than one simple current simultaneously, the program combines the simple currents
in every possible way and computes the models one by one.

Without further modification such a search would not be too productive since the
amount of models that are to be tested grows exponentially when increasing complexity.
As such we decided to perform a stochastic search e.g. by using only a certain percentage
of all simple currents of a single minimal model for the search. Which ones are taken is
chosen randomly. Similar thresholds can be chosen at many other stages, e.g. to test just
10% of all models. To nevertheless make the stochastic search as complete as possible, we
made the search more efficient by optimizing the overall performance of the program, see
next section. When running the stochastic search the program prints detailed information
only about so far unknown model. For already known models statistics about the frequency
are collected and printed in certain intervals.

A.1.11 Additional classes
Recall that we had a series of models ([3.2.11]) and (3.2.12]) in case we added a specific simple

current in a minimal model with odd level. The corresponding Calabi-Yau manifolds had
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a certain structure (3.2.11)) and (3.2.12)). To find more examples we implemented a small
routine that scans the list [38]. This search resulted in the list [3.2]

A.2 Performance and other issues

In this section we will clarify several other issues. The first one is that computer programs
only have a finite precision for non-integer numbers causing rounding errors. Numbers
affected by such an error change their value giving false results when testing equality with
another number. To solve this problem we implemented a function that tests equality
between two variables by examining how close to zero their difference is.

Let us now turn to the performance issues unavoidable in a program scanning over bil-
lions of models. Our efforts to increase the performance were very successful and eventually
increased the speed by factors of thousands.

Most of the time is spent for computing the spectrum of a model using the getOrbit()
function of the SimpleCurrent class. Indeed, actual tests showed that by far the most
computational time is consumed by this function (in a single run approximately 95%). We
optimized the getOrbit() routine by treating the not uncommon case r = 0 differently.
Having » = 0 the argument delta function does not change over the orbit of a
simple current and must be computed only once. This spares us from million modulo
operations giving an enormous performance boost when computing the orbits of simple
currents with r = 0.

Next step is going through all the methods that are called by the getOrbit() function.
We checked for situations where computations were performed redundantly or without
need. Take e.g. a MinimalModel object. We found that the program will always ask for
the conformal dimension, often more than once. In contrast, the charge is needed in only
very few cases. As such the conformal dimension is computed in the constructor of the
MinimalModel class and stored in a variable while the charge is only computed on demand.
Since getOrbit() calls for the conformal dimensions endlessly, this had massive effects on
the speed.

Another improvement was gained by optimizing the routines for frequently used math-
ematical operations like modulo. The standard implementations in the Java-API are op-
timized for wide applicability and not for performance. This is fine since there are few
programs whose bottleneck is the modulo function. But in our case they are. As such we
implemented functions optimized for each special situation. Let us list some of them

e Probably the most commonly used function is the modulo 1 function. According to
our tests, fastest way to implement this function uses the Math.rint(double) function
of the Java API, a function which relies on the native C interface to be especially
quick. Given a double d this function yields the nearest integer a that is close to the
double. If a > m we subtract a by one to ensure m > a. The result of the modulo
operation is then d — a.

o We often check whether an integer ¢ is even or not. This can be implemented on bit
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level by the logical & operator via ((i & 1) == 0). Since this operation is very easy
to do for the CPU it is extremely fast.

e Actually the above operation to test whether an integer is even computes ¢ modulo
2 using &. Similarly we can implement the modulo 4 by i & 3, too. This is needed
for the s0(D — 2); labels and the s of the minimal models which are both defined
modulo four. Therefore every time a Gepner state is created, e.g. by fusion, this
function is called several times.

Of course were many other places not listed here where we optimized the program a tiny
bit.

When performing the stochastic search we saved lot of computational time by not
computing redundantly. A glance at shows that for any additional simple current
the orbits coming from the right through Jgso and J; are the same. To not compute
them time and time again we saved these “preorbits” in a StateList object. Then, when
an asymmetric simple current is added we can skip the first steps in and directly
compute the orbits with respect to the asymmetric simple current.

We implemented the possibility to add standard simple currents that are treated like
Jaso and J; and whose orbit is included in the above preorbits. This was used to perform
stochastic searches with enhancing simple currents as described after (4.2.2)).

We observed that some classes of models appear very often, while others are rare. To
close the holes in the rare series we performed stochastic searches that only sought for a
specific series. In a first step we computed the vacuum sector and read off the number
of supersymmetry. Only if the result agreed with the series we are looking for the model
is further analyzed. Furthermore, the charged orbit is only computed if supersymmetry
allowed for non-trivial charged orbits. This procedure saves us from computing the charged
orbits for every model that is to be tested.
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Appendix B

Supermultiplets

To deduce possible breaking patterns we list the multiplets of supergravity in several di-
mensions. The list is based on [I58] and [87].

B.1

Supergravity in D =8

Let us start with the on-shell degrees of freedom of the different particles in eight dimen-

sions.
name symbol  on-shell d.o.f.
massless spin 2 2] 204,
massless spin 3/2 2] 40¢
massless spin 1 1] 6,
massless spin 1/2 3] 8¢
massless spin 0 [0] 1p
massless p-form [tp] (2)b (B.1.1)
massive spin 3/2 [2?] 48
massive spin 1 m T
massive spin 1/2 [QT] 8¢
massive spin 0 m 1y
massive p-form @ (;)b
The relevant multiplets are
9 =9 + S +2- V.,
Sy =38, (B.1.2)

Vay =V -
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and listed in table [B.1l
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N | spin | mass | content
2 2 Goy=1-121+2-[2]+6-[1]+6-[3]+7-[0] + 1 [t3]
+3 - [t2]

1 2 Goy=1-2]+1-[3]+2-[1]+1-[3]+1-[0]+1-[to]
1| 3/2 Suy=1-[3]+2-1]+3- 2] +2-[0] + 2 [to] + 1 - [t5]
1| 3/2 | long | Spy=1-0]+1-[]+2-[L]+1-[0]+1-[t] +1-[ts]
1 1 Vaoy=1-[1]+1-[3]+2-[0]

1 1 | long | Voy=1-]+1-[5+1-[0]

Table B.1: Supergravity multiplets in D = 8. The first column shows the amount of
supersymmetry, the second column indicates the maximal spin of the multiplet, the third
column specifies whether the fields are massless (no indication) or massive (long).
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B.2 Supergravity in D =6

The on-shell degrees of freedom of the different particles in six dimensions are

name symbol  on-shell d.o.f.
massless spin 2 2] 9,
massless spin 3/2 [31* 6¢
massless spin 1 1] 4,
massless spin 1/2 [3]* 24
massless spin 0 0] 1y,
massless two-form [to]* 3 (B.2.1)
massive spin 3/2 @ 16¢
massive spin 1 m b
massive spin 1/2 E 4¢
massive spin 0 W 1y
massive two-form [ta] 10y,

The + indicates the chirality of the fermionic fields, and whether the two-tensor is self- or
anti-self-dual. The multiplets relevant for our discussion are summarized in table [B.2] At
the level of the field content, the following relations can be obtained

G2 = Y02 +4-So2 +5-Toz),
Ge2 = G9a,1) +2- S(—iil) +2- S(_l,l) +4-Vayy,

G2 = Yo +2-Sg Ga,1) = Go1) +2- 5(46,1) + To,1)
8(0’2) = S(T),l) + 2- V((]J) y S(J;’l) - S(J&l) + 2- 720’1) y
7?072) = 7?071) +2-Hou, S(_l,l) = S(?),l) +2- Vo +Hoy, (B.2.2)

Vi = Vo +2-Hoy,

S@ =Sy +Suy

Vi) =V,

3(1) = S(T),l) + 8(671) +2- Vo) +2- 7?071) +Ho,1)
V(l) = V(o,l) + 2 7—[(0,1) )
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N spin | mass | content

(2,2) 2 Goo =1-[2]+4- 3" +4- 2] +16-[1]
+20- [3]T+20-[3]” +25-[0]
+5- [to]t +5-[ta]

(0,2) 2 Gogz) =1-[2]+4-[3]+5-[to]”

(0,2) | 3/2 S =1-B]"+4-[1]+5-[3]”

0,2) 1 02 =1-[to]" +4-[3]7+5-[0]

(1,1) 2 Gany =1-214+2- B +2- [ +4-[1]
+2- [T+ 2[5+ 1-[0]
+1-[to]t+1-[ta]”

(1,1) | 3/2 Siy =1-BF+2-[+4-[5F+1-[3)F
+2-[0] + 2 [to]*

(1,1) 1 Vay =1-[1]+2-[3]"+2-[3]"+4-[0]
2 3/2 | short | Sy =1-[3]+2-[]+4-[L]+2-[0]+2-[ts]
2 1 short | Vi) =1 ﬂ+2-@+3 [0]

(0,1) 2 Goay =1-[2]+2-[3]" +1-[to]”

(0.1) | 3/2 Son =1 B +2- [+ 151

(0.1) | 3/2 Sony =1-17+2-[t]°

0,1) | 1 Voo =1-[1]+2-[3]"

(0,1) 0 Hoy=1-[31"+2-[0]

(0,1) 1 Ton =1-[to]" +2-[3]7+1-[0]

1 3/2 | long | Sy =1-[J+2-[+4-[L]+2-[0]+2-[ts]
1 1 | long | Voy =1-[+2-[1+3-[0]

Table B.2: Supergravity multiplets in D = 6. The first column shows the amount of
supersymmetry, the second column indicates the maximal spin of the multiplet, the third
column specifies whether the fields are massless (no indication) or massive (long or short).
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B.3 Supergravity in D =4

In this section we collect some information about the multiplet structure in four dimensions.
The on-shell degrees of freedom of the various fields are summarized as follows

name symbol  on-shell d.o.f.
massless spin 2 2] 2y
massless spin 3/2 2] 2
massless spin 1 1] 2y
massless spin 1/2 3] 2¢
massless spin 0 [0] 1p (B.3.1)
massive spin 3/2 [;T] 4¢
massive spin 1 m 3b
massive spin 1/2 [QT] 2¢
massive spin 0 W 1y

In table B.3] on pages and the massless and massive multiplets in four dimensions
are summarized. This data has been taken from [87] and has been included here for
completeness.
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N | spin mass content
8 2 Gis) =1-[2] +8 - [2] +28-[1] + 56 - [1] + 70 - [0]
6 2 Gy =1-[2]+6-[3] +16-[1] +26- 5] +30-[0]
6 | 3/2 S =1-[3]+6-[1]+15-[3]+20-[0]
6 | 3/2 | 1BPS | S =2-[F+12-[1]+28 [}]+28-[0]
5| 2 Gis) =1-[2]+5-[2]+10-[1] + 11+ [1] + 10 - [0]
5 | 3/2 Sy =1-[3]+6-[1]+15- [5] +20-[0]
3/2 | $BPS | S =2-[3]+12-[]+28- [3] +28-[0]
4002 Gy =1-[2 +4-[5]+6-[1+4-[3] +2-[0]
4] 3/2 Sw =1-[3]+4-[1]+7-[5] +8-[0]
4 | 3/2 | 1BPS | Sy=2-[3+12- [ +28 [1] +28-[0]
4 | 3/2 | 1BPS 321)2_2'[2?]+8'm+12'g+8 0]
41 Viy =1-[1] +4-[}]+6-[0]
4 1 IBPS | Vi =2-1]+8-[1]+10-]0]
3 2 Gy =1-[2]+3-[3]+3-[1]+1-[3]
3 32 S =1-[51+3-[]+3-[5]+2[0]
3 3/2 long 3(13)_1.@+6.[T]+14.E+14 [0]
3 | 3/2 | $BPS 333{;’*2-[2?]%@“2 L] +8-10]
3 1 Vigy =1-[1] +4-[5] +6-[0]
3 1 IBPS | Vi =2-[1]+8-[1]+10-[0]
2 2 G =1-[2]+2-[3]+1-[1]
2| 3/2 S =1-[3]+2-[1]+1-[3]
2 3/2 long gé)_l @+4.m+6.g+4 H
2 | 3/2 | 1BPS | Sy =2-[3+4-[+2-[]
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1/2
1/2

N N NN
—

3/2
3/2
1
1
1/2
1/2

O S VG (U U CHE U S

long
% BPS

1 BPS

long
long

long

Vo =1
Vi =1
Vg =2
Hp =2
Hi =2
guy =1
Say =1
Spy=1-
Vo =1-
Vi =1-
Cay =1-
Cay =1-

—_—

N |—
iy

N |
iy

S G
+ o+ o+

N Ot N

=

=

=

—
N =
kil

—
—

Table B.3: Supergravity multiplets in D = 4. The first column shows the amount of super-
symmetry, the second column indicates the maximal spin of the multiplet, the third column
specifies whether the fields are massless (no indication) or massive (long or shortened). For

more details see [87].
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Computing the star Riemann tensor

In this appendix we provide the details on the evaluation of
—R(X,Y,Z)=(VxeVy)Z — (Vﬁ(y) . Vﬁ(x))Z - Vixy.Z. (C.0.1)

As discussed in the main text after ([5.6.23]), we need to interpret the e as a composition
of left and right actions of the directional covariant derivative

(Vx o Vy)Z = [(ix 0 iv)(2)] (Vo V). (C.0.2)

Recall that in VxY first % is carried out and afterwards X acts as a contraction denoted
by ix. In addition, we have to respect the order of Vx and Vy. Indicating the order by a
subscript, we have altogether

(Vx o Vy)Z = [(ix@ ®iv)(Z)] ( % % (C.0.3)

We apply the first covariant derivative by bringing Z and $(1) together. The scalar product
between Z and the first matrix index of I is carried out directly ZxI' = ZM x Ty, followed
by bringing 7y together with Z. Thus, the computation proceeds as

[(ZX(4) ® Zy Z)] % (1) ® %(3)
(ix(a) ® iy (2 ) [Z“b % % ¢]
(ix(a) ®iv()’ [02° <§¢} T (ixay ® ive)? [29% (Tar V)]

(14,0 (Y9 % 029)] Vo) + ([ (Y0 % 2V9)])° « T%,) ¥, .

(C.0.4)

Next, the second covariant derivative %(3 and afterwards 7x are applied
*ZX(4 [(Yd’ *0Z%) d’/%d) ] + ZX(4 [(Y¢ * ZKd’)d’/ * (T %(3))#]
=X?%x0(Y?%02%) + [X¢’ (Y% 0Z%%)] 'k (C.0.5)
+ XY %[V % 2K T8 + [(X +Y) # Z5] 5 (i % Tp) .
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In this formula we placed the brackets and the derivative 9 in such a way that they
reflect, which objects have to be contracted with each other. For instance in the first
term of , the derivative is contracted with X. After applying the Leibniz rule for
O(Y? x 0Z?), this contraction must be kept in mind.

When computing the other terms in , one realizes that the first term in
is canceled partly by (Vz(y) ® Vz(x))Z and partly by Vixy),Z. The other term from
Vixy),Z cancels the X x 9Y x Z x I" part in the third term of . The remaining
two terms which have to cancel in ((C.0.5)) arise from the second and third term and are
both of the form X xY % 0Z xI'. In one term 0 is contracted with Y and in the other
0 is contracted with X. These terms cancel crosswise against similar terms appearing in
(Vze) ® Va2

After all these cancellations, the Riemann tensor simplifies to

—R(X,Y,Z) =((X*Y)* ZM) x0T ps + (X *Y) x Z™) % (Do "+ Tp)

. C.0.6
-~ X &Ry, (.0.6)
Recalling the discussion after (C.0.5)), in the first term of (C.0.6)), X is contracted with
0. This is in contrast to the rule that always a vector is contracted with the nearest
neighboring formE|. To bring this into the usual notation, we switch the first term with its
R-permuted term and find with (5.5.16) and (5.5.17)

—R(X,Y,Z) == (X*xY)*x Z") %00y + (X xY) % ZM) % (T *Tp)

_ C.0.7
— X &Ry, ( )

Now the notation matches the one in ((5.6.22)), where the vector Y is contracted with the
form 0 (see also (5.6.26)) and (5.6.27))). By utilizing (5.5.19) to transfer the antisymmetriza-

tion on the vector side towards the form side, we indeed find
—R(X,Y,Z) = (X*xY)*Z") % (—dlx + " A, Tp) . (C.0.8)

This matches the definition of the star Riemann curvature as the exterior covariant deriva-

tive of the connection I' in (5.6.22]).

!'Notice that the contraction in the second term ~ I' x I comes out correctly according to this rule.
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